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SYNOPSIS 


The work reported in this thesis mainly deals with 
the optical alDsorption and Ar'*’ and Ng laser excited flaore 
scence spectra of Eu^'*’ and Nd^”^ in LaP^ crystals at room 
and liquid nitrogen temperatures. A chapter of the thesis 
deals with an investigation of the BPR spectra of Nd^’*' 
doped in LaP^ and PbMoO^ single crystals at liquid helium 
temperature. The EPR wof'k was carried out to supplement 
the optical studies on 

The first chapter gives a oriof introduction to the 
spectroscopy of Rare Earth ions and an outline of the 
theoretical framework relevant to the present studies. 



XV 


The second chapter is devoted to a description of 
the experimental details, the assembly of a recording 
spectrophotometer and the fabrication of a heat exchanger. 
The spectrophotometer is assembled around a 0.75 m Jarrell- 
Ash grating spectrograph and is used for recording the 
fluorescence oxcited by the Argon ion laser. The lines 
recorded have a minirndm half width (at half maximum) of lA 
and the wavelengths could be measured to an accuracy of 

Q 

+ 1.5A. Fluorescence excited by the pulsed nitrogen laser 
IS however recorded only photographically. This chapter 
also describes the fabrication of a 12 kW heat exchanger 
needed to cool the Argon ion laser used (Spectra Physics 
Model No. 165-03). 

Chapter three presents the work on the absorption 

3+ 

and fluorescence spectra of 0.5/ ;]jaP^. Only throe 

5 5 

lines duo to and three lines due to arc observed in 
absorption (4500~9000A) . The fluorcsconco oxcitod by the 
Argon ion laser consists in all of twelve groups of transi- 
tions from Pq 12 "^° levels 'Fq 1 2 3 4 5 °^ ^ 

ft t f t f f 

greund multiplet. No transitions to Fg are found. The 
availability in the Ar laser of several excitation wave- 
lengths was of some help in identifying the upper levels 

of fluorescence. Using the fluoroscence data, positions 

5 7 

of all the Stark components of Pq g 4 levels 



XVI 


are determined. Only three levels of 'Eg (of the expected five) 

are determined, as fluorescence to other levels is not observed, 

7 

while the identification of the Stark components of and 

7 

was hampered by ci multitude of ovcT’lappinr; transitions. 
Attempts to determine the positions of levels of 'I* multiplet 
by infrared absorption did not bear fruit. laE’^ has a hexagonal 
unit cell and the R.E. ions arc known to replace the La ions 
substitutionally at sites of orthorhombic symmetry. The pola- 
rizations of lines indicate a site S5'-mmetry. Some devia- 
tions are however observed which indicate a distortion towards 
Og. However, a consistant set of symmetry species assignments 
could be made to all the observed levels under the classifi- 
cation of a symmetry. 

Exciting this crystal with a nitrogen laser resulted only 

2+ 

in continuum fluorescence in the blue, most likely due to Eu . 

The work performed on the optical spectra of 2'/^ Hd^ ! 

LaF^ IS described in the fourth chapter. Five groups of lines 

are observed in the ultraviolet absorption spectrum ( 2500-4000A) . 

The SIJ level designations could be assigned to the concerned 

levels of four of these groups by comparison with the spectrum 

’ 5 + 

reported for Nd-^ ;LaGl^. The absorption spectrum in the region 
/but 4000-9000I conforms with earlier data/for the observation of 

few sharp extra lines. As a reinvestigation of the EPR spectrum 
of Iird:LgiP^ did not produce any new lines, these extra absorption 
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lines arc assigned to "bo vibronic transitions rather than 

3+ 

lines from a different Nd centre. 

' / ~ 1 \ 

Excitation with the 51451 (19,430 cm } ommission 
of the Ar*^ laser, at LNI produced fluciesccnco from the 
B (19,300 D (17,450 cm“^) and R (11,600 cm"^) levels 

as well as some other fluorescence lines whose intensity 
was proportional to whero P is the incident laser 

power. These are identified as arising from the K (26,400 cm"' 
and L (28,350 cm~^) levels of the Nd^"**. This assignment is 
confirmed by the fluorescence obtained with Ng laser excita- 
tion (337li) which contained transitions from the K and L 
levels to several lower levels and also from R to the ground 
state. A sequential two step excitation process is proposed 
to explain the population of these two high lying levels 
when excited with the 19,430 cm~^ radiation. 

Three lines of the R-3 group showed significant self 
absorption. The simple geometry of laser excitation permitted 
an accurate calculation of oscillator strengths of these 
transitions using this effect. 

With the 5145A excitation fluoroscence from S and A 
levels also is observed at room temperature beside the 
fluorescence observed at IiRT. The intensity of those two 
transitions increases with the temperature above RT. This 
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is explained as due to an anamolous increase in the popu- 
lations of S and A levels due to an ion pair relaxation 
process active at high temperatures. 

t 

Several lines, in absorption as v/oll as fluorescence 
are partially polarized contrary to the cxpectcct behaviour 
of Kramers’ ions in orthorhombic sites. Some possible 
explanations are offered for this behaviour but no firm 
conclusions could be reached. 

Chapter five describes a reinvestigation of the EPR 

3+ 

spectra at liquid helium temperatures of Nd"^ and 

Nd^'^sPbMoO^. This is taken up to check whether extra lines 

found in the respective absorption spectra could be due to 

the existence of different kinds of Nd centres. Ho evidence 

for this was found in laF^. In PbMoO^ however the BPR 

3+ 

spectrum contained a set of lines attributable to Nd"^ 
possibly associated with a next neighbour dofoct in the [llO] 
plane. The intensity of those linos is less than l/. of the 
main lines which arc due to Hd-^ experiencing a crystal 
field of symmetry oriented along tho 0 axis of the crystal. 



CHAPTER 1 


INTRODUCTION 


Europium and Neodymium are the fourth and seventh 
members respectively of the lanthanide senes of rare earths 
which IS characterized by the progressive filling of the 4f 
shell of the electronic configuration. The neutral lantha- 

p 2 

nides all possess the Xenon structure of electrons (Is 2s 
2p^ 3s^ 3p^ 3d^^ 4s^ 4p^ 4d^^ 5s^ 5p^)» n 4f electrons (n=0 to 
14) and two or three outer eloctrons (6 b or 5d6s ). All these 
outer electrons are shed off in tho trivalent state which is 
their most common valence state. In this state they have only 
4f electrons beside their Xenon cores. The maxima of the 4 £ 
orbitals fall quite within those of 5s and 5p orbitals and 
move further inside with increasing nuclear charge (lanthanide 
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contraction). The shielding thus accorded to the electrons 

in the 4f shell hy the 5p electrons is the cause of their 

distinctive properties. The 4f shell behaves as an ’inner' 

shell and the interaction with the environment is g,uite weak. 

There is very little tendency for these ions to form bonds. 

They retain their 'free ion' properties more or less intact 
o» 

even inside <vSolid lattice. The wavefunctions remain to be 
almost pure angular momentum eigenfunctions and the energy 
levels shift very little from lattice to lattice. 

icTV 

The free ^Hamil toman of an N electron atom contains three 
principal parts given by 


H 


= - 


Ze‘ 


0 + 


r 


■/r 


Id 


1 . 

A -lx 


in standard notation. An exact solution of this Hamiltonian 
has not been possible and one is usually content with a 
perturbation treatment. The starting point is the zero order 
approximation in which the outer (4f) electrons are considered 
to be moving in a central field produced by the nucleus and 
the 54 electrons of the Xenon core. In this approximation 
all states of a given configuration have the same energy. 

The degeneracy of this state for an f^ configuration is 
and is yery large. Part of this degeneracy is removed with 
the inclusion of the interelectronic repulsion and spin orbit 
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interaction. The effect of these terms is usually calculated 
by a perturbation treatment in which it is asstimed that the 
energy separation between various configurations is hargc ejcjjugh 
for the effect on each configuration to be calculated sepa- 
rately. That is, the different configurations do not interact 
with each other. Without this assumption, the number of wave- 
functions to be considered becomes enormous. The perturbation 
calculations are usually done in a set of basis statesi formed 
according to IS coupling as this is the most realistic approxi- 
mation for rare earth ions and taking up both the perturbations 
simultaneously rather than one by one. This is the so called 
intermediate coupling calculation. 

The electronic repulsion term splits the various terms 
having different I and S (total orbital and spin angular 
momenta), and the levels with different J values (Js=l+S to I-S) 
constituting these terras are separated out by the spin-orbit 
interaction. Also, the off-diagonal matrix elements of the 
spin orbit interaction cause mixtures of levels having the 
same J value but differing in L and S by +1 and ?lrespeot±vely 
As a result, the levels finally have only one good quantum 
number J, but L and S are poorly defined. Tho accepted 
iDDBiaclature however uses an SIJ designation for these levels. 
The Ii and S values refer however to the particular IS state, 
the eigenstate approaches continuously as ^ approaches 


zero. 
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Ihis may not necessarily be the state which constitutes the 
ma^or percentage of the perturbed state. 

The (2J+1) fold degeneracy of these states is lifted 

1o 

in a crystal an extent depending upon the symmotry of the 
crystal field. The centre of gravity of the spli b components 
however stays quite close to the free ion value. A more impor- 
tant effect of the crystal field is - unless the ion is 
situated at an inversion centre, parity is not a good quantum 
number. The crystal field brings about a small but finite 
mixture of the wavefunctions belonging to configurations of 
different parities, and due to this, electric dipole transi- 
tions between levels of a given configuration become formally 
allowed. These are called forced electric dipole transitions. 
Since transitions between levels of a single configuration are 
almost totally forbidden for the free ions, most of the infor- 
mation about the ’free ion’ energy levels is thus obtained in 
practice from crystal spectra only. 

In the intermediate coupling calculations, the energy 
levels aro expressed in terms of the so called Slater integrals 
Ig, and Pg and the spin orbit coupling constant These 

quantities cannot be calculated ab initio accurately. For 
this reason, these are treated as parameters and are optimized 
to obtain the observed energy level structure. 
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The energy level structure is experimentally determined 
mainly from the absorption spectrum But information about 
levels to which the transition from the ground state is either 
forbidden or lies in an inaccessible legion of the olectro- 
magnetic spectrum can often be obtained from the fluorescence 
spectrum. As a matter of fact, the Stark splitting of the 
ground state is almost invariably established from the fluore- 
scence data only. At the low temperatures at which the experi- 
ments are done, these higher Stark components are not populated 
and thus no transitions are observed from thorn. 

The oscillator strengths of these forced electric dipole 
transitions are very small^ of the order of 10 or less. The 
allowed magnetic dipole transitions on the other hand have 
oscillator strengths of about 10” , and are even weaker. The 
latter are allowed strictly between states for which a L=0, 
A.S=0 and d J=0, + 1. Due to the mixing produced by the spin 
orbit coupling however, these have a larger occuronce than is 
obvious from the selection rules. A case in point is the 

54. 

magnetic dipole transitions observed in the spectrum of 
between the Stark levels of the "^D and multiplots. The 
large majority of the observed transitions are however of the 
forced electric dipole type. 

Most of the theoretical as well as experimental pro- 
blems associated with the observation and analysis of the 
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energy level structures of several rare earth ions were 

satisfactorily solved by the mid 1960s. Figure 4.1 (chapter 

4) summarizes the information obtained upto about 1968. The 

emphasis of the later work was mainly towards an understanding 

, , , 

of the energy exchange processes ^various materials because 
of their applications as laser hosts and infrared quantum 
counters (IRQO). 

A rare earth ion in an excited electronic level can 
revert to lower levels in one of several ways: radiative decay, 
that IS fluorescence j energy exchange with other ions in the 
crystal} or through interaction with lattice phonons. The 
phonon interaction is very effective when the energy separation 
of the electronic levels is of the same order as the phonon 
energies. As a matter of fact, levels which are separated by 
less than 1000 cm"^ from their next lower levels rarely decay 
by fluorescence} they are invariably deexcited non-radia- 
tively . 

There are three different phonon cou,pling mechanisms 
that are usually active. In the direct process, the energy 
released by a rare earth transition generates a single 
lattice phonon. In the Raman process the eleotonic transi- 
tion IS accompanied by the creation and annihilation of two 
phonons, of different energies. The difference in the ener- 
gies of the two phonons is equal to the energy of the electronic 
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transition. The last, the multiphonon process involves the 
generation of several phonons; not necessarily of the same 
energy, simultaneous to an electronic transition. The 
direct process and the Raman process depend on the density 
of the lattice phonons and their efficiency increases with 
temperature. The multiphonon process is however essentially 
temperature independent and is active even at the lowest 
temperatures (about 2'k) investigated so far. The impor- 
tance of these processes is demonstrated by the following. 

Almost all observed lines of the rare earth speotra 
show Icoentzian shapes characteristic of lifetime broadening. 
This broadening completely maaks the inhomogeneous broade- 
ning caused by strains or other statistical factors except 
in a few cases. The linewidths are typically of the order 

/ of a feVin most cases and reflect non-»radiative transition 

l^ 

rates in excess of 10 per sec. The observed radiative 

lifetimes are in tho range of a few microseconds to few 

\ 

milliseconds and cannot give rise to such largo widths. 

Significant energy transfer rates between ions 
separated by large distances are observi^d in rare earth 
spectroscopy. The meohanism responsible for this is the 
overlap of the electric dipole fields of tho ions concerned. 
The overlap of the wavefunctions as such cannot be effective 
beyond a short distance. The effects of this interaction 
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are twofold. Inhomogeneous broadening of tho lines due to 
slight differences in the crystal field experienced by 
different ions and shortening of lifetimes or concentration 
quenching of fluorescence due to ionic cross relaxation when 
the emmission and absorption bands of the ions overlap, 

The exchange process^ also called ion pair exchange is of 
two types. As shown in the figure below, the exchange process 
might lead to excitation of ion 1 and a deexcitation of ion. 2, 
I D . 

I ^ 

\ 

C L- 0 - 


B 


A 


7 |«.- 


B 

A 


Ion 1 Ion 2 


Ion 1 Ion 2 


®AB ^OD 


Figure 1,1 Two types of ion pair exchange processes 


or a further excitation of ion 2 and a decay of ion 1. The 
latter process is also called energy up-conversion and is 
of interest in IRQO applications. 
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An analysis and understanding of these non-^radiative 
processes is the aim of most of the current studies and a 
vast amount of literature exists on the subject. Only a 
cursory review of the salient features necessary for this 
thesis IS presented here. A list of a few general reforences 
IS attached. 
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CHAPTER 2 

EXPERIMENTAIj DETAIIiS 


ABSTRACT 

Eluorescence spectra are recorded using Ar"*" and Ng 
laser excitations. A spectrophotometer set-up assembled 
around a Jarrell-Ash 0.75 m, grating spectrograph is used 
for recording the fluorescence excited by the Argon ion 
laser. The lines recorded have a minimum half width (at half 
maximum) of ll and the wavelengths could he measured to an 
accuracy of + I.5I. Eluorescenco oxcitod by the pulsed nitro- 
gen laser is recorded photographically. A 12k¥ heat exchanger 
needed to cool the Argon ion laser used is also fabricated. 

The optical absorption spectra in the region 2500-9000A are 
photographed on a Jarrell-Ash 3.4 » . grating spectrograph 
in the first order. 

A 
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2.1 Spectrophotometer set up for use with, the Argon ion laser 

2.1.1 Basic desoriTJtion 

This set-up is 'built'*’ around a Jarrell-Ash 0.75 ra. 
plane grating spectrograph that is converted for photometric 
recording. The block diagram of the set-up is shown in figure 
2.1. The laser beam is made vertical by a nght angled prism 
and enters the bottom face of the crystal under study. The 
fluorescence emmitted is collected in a direction perpendicular 
to that of the laser beam, and imaged on to the slit of the 
spectrometer as a vertical line parallel to it. The diffracted 
light IS detected by a photomultiplier tube placed directly 
in front of the exit slit and the current produced in it is 
recorded by an electrometer, strip chart recorder combination. 

This recording spectrophotometer has been jointly planned 
and assembled by the author and Mr, Bansilal, his colleague 
in the laboratory. 



1. 
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Wavelength scanning is accomplished hy a variable speed D.C, 
motor attached to the grating drive shaft. A cam and micro- 
switch mounted on this shaft provide markers for wavelength 
calibration. 

2.1,2 The Argon ion laser use d 

The laser used is a Spectra Physics Model 165-03, 
equipped with an intra-cavity tuning prism to select the lasing 
wavelength. Table 2.1 lasts the available wavelengths and 
their maximum powers as per the manufacturers' specif ications. 
The output power can be varied by varying the dischargo current 
of the laser plasma tabe botwoen 10 and 35 amperes. An intra- 
cavity iris diaphragm is also provided to further reduce the 
power if needed, to levels below that obtainable with the 
minimum current. The output power of the laser is monitored 
by a built-in photo-cell which receives a small part of the 
light. A provision is available to use the photo-cell voltage 
in a feed back loop to maintain the output power constant at 
any desired level, irrespective of changes in the line voltage, 
plasma tube temperature etc. Most of the recordings made in 
this work are done in this ’light control' mode of operation. 
The values of ’power’ quoted throughout this thesis are the 
values measured by this photo-cell in the laser hoad itself. 

The power that actually enters the crystal will be 35 to 40% 
less than this because of reflection losses suffered by the 
beam on the way. 
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Table 2.1 

The vanouB emmisaions available from Spootra-Phj^ios Model 165-05 

Argon, ion laser 


0 

Wavelength A 

-1 

Wavenumber cm 

Power mw 

5145 

19431 

1400 

5017 

19927 

250 

4965 

20135 

400 

4880 

20486 

1300 

4765 

2098 O 

500 

4727 

21149 

150 

4658 

21462 

100 

4579 

21832 

250 
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2.1,5 Cooling unit for tho laser 

The laser and its power supply together consume maximum 
of 12k¥ of electrical power and have to he water cooled to 
prevent over ’.heating. The nnnufacturer xocuaiimends cooling 
with clean dust free water 'Uid tc this end, a unit has been 
built to cool the laser unit (laser head and powor supply) by 
circulating distilled water which is in turn cooled by running 
tap water in a heat exchanger, Figure 2,2 shows the block 
diagram of the cooling unit. 

The heat exchanger is of standard counter current 
design"*" (figure 2.3) m which the distilled water flows inside 
a 9/16" inner diameter thin walled copper tube (seamless, coil 
grade) wound spirally between two concentric steel drums of 
12" and 14" diameter. The tap water flows in the remainder 
of the annular region between the two drums. The flow dire- 
ctions are as shown in figure 2.3. For convenience, the heat 
exchanger is split up into two such similarly built units 
connected in aeries (figure 2.2). Each unit contains 20 turns 
of copper coil. The drums are fabricated (Silicon bronae 
welding) with 22SWG mild steel sheet and painted with one 
coat of lead oxide primer paint and two coats of black 
bitumen anticorrosive paint to prevent corrosion by the 
flowing water. The rate of flow of distilled water is 10 lit/ 
min at a pressure of 40-50 psi (values recommended by Spectra 

"*■ This heat exchanger is designed and fabricated in 
association with Er. K.S, Gandhi of the Chemical 
Engineering Department, IIT Kanpur". 
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Physics) and is obtained by a Beacon (India) liro.l-TPS~2M, 0*5 
H.P. pump. Iho rate of flow of tap water is 35 lit/min and 
IS obtained from a 1/2” pipe connected to the campus mains 
(tube well pumped) . 

2.1.4 Illumination and collection optics 

The illuminating optics (for the laser beam) consists 
of a single piano convex lens of 2* focal length glued on top 
of the right angle prism that bends the beam upwards. Ihe 

p 

laser beam diameter between l/e points (G-aussian profile) is 
specified to be 1.5 mm or about 1 mm between l/e points. The 
beam 'waist' diameter of a focussed laser beam is given by^ 
d = where cp is the semiangle o± convergence shown in 

figure 2.4. Por a beam of 5000A, and 1 mm diameter, 'd' would 
be 14p. between l/e points with the 2" focal length used. And 
at 100 mw incident power, the average photon flux (5000A) 

16 

within this area (of diameter 14n.) is calculated as 1,25 x 10 
-2 -1 

photons cm sec , Thus for the power range of 60 to 700 mw 

15 16 

used in this work, a photon flux of about 10 •'^-10 photons 
-2 -1 

cm sec IS obtained. The right angle prism, lens assembly 
used here is taken out of a Oarl-Zeiss electrode illuminator 
lamp and is used as such. The working distance of 2" provided 
by this IB found convenient for working with the crystals 
mounted inside a low temperature dewar. 
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The collection optics for the fluoresconco consists of 
a single double convex lens of 2" focus and 2” aperture and 
IS so chosen as to ’overfi]!’ the collimatingmifror '■'f the f/6,3 
spectrometer used. The source of flucrosconco being a narrow 
vertical line, such a system which simply images this 'line* 
on to the slit is adequate. 

2,1.5 Crystal mounting and cooling 

Most of the work is done by cooling the crystals to 
liquid nitrogen temperatures, for this^ the crystals are 
mounted inside a demountable cold finger dewar fabricated in 
our glass shop. This is of usual design and is illustrated 
in figure 2.5. The body of the dewar is made from a B55 glass 
joint. The inner tube of the dewar terminates in a glass to 
metal (covar) seal and a stout copper cylinder silver soldered 
to this covar tube provides the cold finger. The crystal is 
usually fixed with Quiokfix (Wembley-India) on a 1/2" thick 
copper block which can be attached to the cold finger by l/S” 
BSW screws. The crystal is protected from room temperature 
radiation by another 1/2” copper block similarly screwed to 
the cold finger. Thermal contact between the metal surfaces 
IS improved by applying a layer of grease between them, 2" 
diameter plate glass windows are provided on the 'tail’ of 
the dewar to facilitate the entry and extraction of light. 

The windows are attached with Torr Seal^^ (Varian) or 
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TM 

Araldite (OiT3a) on to window seats ground for the purpose. 

A dewar similar in design hut equipped with 1” diameter 
quartz windows is used for work in the uilra violet region, 

2.1.6 Polarizers 

A P olaroid sheet held between gloss plates is found 
adequate for the region 4000“7000A. It did not work in the 
infrared region, and a G-lan-Ihnmscn polarizer'*' is used for 
the region 7OOO-90OOA, 

2.1.7 The spectrometer 

The following easily reoognizable criteria are used to 
select a suitable instrument for the work, (a) constancy of 
focal plane with wavelength, (b) linear wavelength scanning, 

(c) high light gathering power, and (d) moderate resolving 
power. All these criteria aro found to be adequately mot ty 
a Jarrell Ash 0.75 m, plane grating spectrograph available 
in the laboratory . It uses an assymmetiic Ozeny-Turner 
mounting and has a rather large f/6,3 aperture. Standard 
accessories are supplied alongwith the instrument to convert 
it from photographic to photometric (direct reading) mode. 
However the conversion involves a complete removal of the 
exit side face plate and necessitates a curabersomo focussing 
procedure when it has to be equipped again for photography. 

This being very undesirable in a latjoratory whero spectrographs 

t 

This was kindly lo^ed to us by Dr, S.C. Sen of our 
department. 

^ This spectrograph is kindly loaned to us by Professor Y. 
Subbarao of the Chemical Engineering Department, 
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have to he shared between various workers it is decided not 
to use the J-A accessory. Instead, an 'exit slit mount' is 
made of exactly the same dimensions as the photographic plate 
holder and can he clamped to the face of the spectrograph 
using the same clamping arrangement as for the plate holder. 

A Jarrell “Ash No. 12-000 precision bilateral slit (I0“400ii) 

IS mounted on this plate. The plate factor of the spectro- 
graph is about 20A/mm with a 15,000 IPI grating. Alternately 

o 

the scanning speed is 550A per one degree rotation of the 
grating. The spectrograph comes equipped with an angle 
drive and a reduction gear tram so that, one revolution of 
the grating drive shaft results in a 0.1 degree rotation of 
the grating. A four position mechanical counter reads the 
grating rotation angle to the second decimal place. The 
grating used ie blazed at 5000A. 

A Bodino No. NSH-12RG reversible D.O motor fed by 
Minarik electronics No. 1214, 115V regulotcd D.C. source is 
used for grating rotation. The speed of the motor can be 
varied in six steps'*' between 0.8 and 3 RPM by changing the 
R.O. voltage. This corresponds to wavelength scanning of 
45 to 165A/min. A speed of lOOA/min is generally employed. 

The minimum linewidth of the lines recorded and conse- 
quently the experimental resolution is limited essentially 
by the width of slits used; 50 to ISOp on the input side and 
lOOp on the output side. The sharp lines of a Geissler 

The potentiometer provided on the D.O. source, to 
vary the speed continuously between 0 and 3 RPM is 
replaced by a bandswitch to get reproducible speeds. 
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discharge tube are recorded with a full width at half maximum 

(PWEM) of 2.5A and this is the lowest achieved. And lines of 

equal intensity and seperated hy about 2A are just seen as two.- 

At the temperatures at which the experiments are done (LNIjRT) 

lifetime broadening is the dominant factor determining the 

2 

line shapes of rare earth spectral lines and thus all lines 
are expected to be Lorentzians. No significant deviation from 
this IS observed in the recorded line shapes. 

2.1.8 Photomultiplier tubes and cooled housings 

Ihe work was initially started using a cooled R.C.A 
No. 7102 tube. This tube was chosen primarily for its wide 
SI spectral response extending into tho infrared. At the room 
temperature this tube has a very large dark current and 
attendant dark current noise largely of thermionic origion. 

A liquid nitrogen cooled housing is therefore built to reduce 
this dark current. 

The housing uses what can be called conduction cooling 
and is illustrated in figure 2.6. In this tEe PMT is surrounded 
by a thin whiled brass tubt, to which one end of a stout 
(3/4” dia ) copper rod is soldered. Tho other end of this 
rod IS lowered into a dewar containing liquid nitrogen. The 
PMT IS thus cooled by conducti m along the copper rod. The 
PMT is plugged into a socket fixed on top of a perspex box 
which houses the resistors of the potential divider chain. 
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The sides of this box are firmly glued together with methylene 

chloride (which forms a bond by dissolving perspex) rather 

than screwed together. This is done in order to prevent 

moisture from entering the box through the joints and shorting 

the resistors. Moisture would also condense on the cool 

photocathode surface and reduces the amount of light detected, 

if the cathode surface is allowed to come into direct contact 

with the atmospheric air. Several techniqaes to overcome this 

■5 

problem are reported in literature . Here it is achieved by 
an evacuated (to 10""^mm of Hg) glass coll with iilone parallel 
quartz windows which is pushed fit (with a few layers of Teflon 
pipe sealant tape to serve as a gasket) into the brass tube 
surrounding the PMT (reference to figure). The length of this 
cell IS chosen to be 3* by trial and error. This puts the 
photocathode at a rather large distance of about 3" from the 
exit slit but no light is lost because of its large diameter 
(1,25") - !I^h.e whole as&embly is now placed inside a large 
Aluminium box and the intervening space is stuffed with 
Styrofoam to provide thermal insulation. The copper rod 
projects out of a large hole cut in the bottom face of the 
Aluminum box. 

With this arrangement the dark current is reduced from 
a room temperature value of about Ip amp(the six tubes tested 
have dark currents between 1 and 10 p amps) to as low as 
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1 X amps with, a cathode voltage of -lOOOV. From this 

value it IS estimated^ that the PM!! would have reached a 
temperature of about -160" 0. The dark current noise is quite 
neglizihle under these conditions. The initial cool down 
period of the h using is about 45 minutes after which the 
operation is quite stable. The liquid nitrogen consumption 
IS about one litre per hour which is rather large. 

The dark current noise being thus eliminated the more 
serious limitation of the tube namely the shot noise has become 
apparent. This noise is surprisingly so excessive in this tube 
that even with the strongest signals recorded (eg. I.R. fluore- 
scence of Nd^tlaF^, signal strength about lO”® amp at lOOOY) 
the signal to noise ratio was only of the order of ten. Also 
some major diffioultios are encountered in the operation of 
this housing. The Torr seal used for fixing the windows of 
the vacuum cell does not withstand repeated thermal cycling 
and it has become necessary bo rese'^1 ■^nd roovacuate the cell 
after every month or two. It is also found that after prolonged 
use some moisture does seep into the potential divider box and 
leads to sparking. A remedy for this latter problem is to 

l/y 

p®t the divider chain in some foam or epoxy, impervious to 
moisture. However, there is reason to believe that both these 

t 

problems are partly due to the very low temperatures that are 
reached. Unfortunately there is no way in which this can be 
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avoided and thus the use of this housing is discontinued in 
latter work. A new housing has been designed partly elimi- 
nating the above difficulties. 

This housing is made spucii ically to accommodate the 
I.T.T. No. T’¥130 tube and is illustrated in figure 2.7» In 
this design the tube is sought to bo cooled by circulating 
cold nitrogen gas through an annular brass chamber surroundiig 
it. The gas is obtained by boiling liquid nitrogen with an 
immersed heater and the temperature of the tube can be con- 
trolled by varying the heater current. Polyurct hare foam that 
IS polymerized'^ 'in-place’ provides the thermal insulation. 

The FWI 30 tube has an S20 response. The particular 
tube used is a variant of the standard version in that, it 
has a slit shaped photo cathode. This is especially suited 
for spectroscopic work where the light to be detected is fre- 
quently in the fom of a slit shaped beam. This configuration 
obviates the need fnr a focussing magnot oround the photo- 
cathode which IS sometimes used to reduce the dark current 

I 

and noise. The magnetic field is used to deflect the 'dark' 
electrons emmitted by the unused portion of the photocathode 
from reaching the first dynode. This tub© has a low dark 
current of about 1 x 10“ amp at 1800V and room temperature. 
The dark current noise is small compared to the intensity of 
even the weakest lines recorded even at room temperature. 

The chemicals necessary for this polymerization are 
kindly provided by the U Poam Co., E^derabad, 
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For this reason the tube is operated always at room tempe- 
rature itself though the housing described is built especially 
to cool this tube. The shot noise of thi- tube also is quite 
small. The signals recorded arc usually'' in thi- range of 
1 n,*amp to several microamperes with an appD led voltage between 
1250^ and 1400V. 


Because of this exceptional performance* all the sub- 
sequent work IS done only with this tube. The recordings made 
with this tube only are reproduced in this thesis as the ones 
made with the 7102 tube are quite inferior in quality. The 


sensitivity of the tube falls off steeply after about 8000A. 
only one group of fluorescence lines is observed in this 
region namely the R-Z group of Nd^"^, but the 

inherently large intensity of this group compensates somewhat 
for this poor sensitivity. (The grating efficiency also is 
small in this region) . 


The high voltage required for the tubes is obtained 
either from an EOIIi No. HV204 power supply (300 to 1500V 
variable, positive or negative) or a -1400V to -2000V variable 
voltage power supply fabricated in our electronics shop. 

With a negative voltage power supply the anode is at ground 
potential which is very convenient for subsequent signal 


processing. 
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2.1.9 Electronics 

The current from the PMT is measured ly a Kcithley 
No, 417 Picoammeter (figure 2,1). This is an electrometer 

_5 

amplifier with a full scale range variihle between 10 amps 

and 3 x 10“^^ amps in a 0,3> 1,3 sequence. A 0 to 3 sec. 

—8 

variable time constant low pass fiLter usable in the 10 amp 

\ 

and lower current ranges provides soi^e noise rejection. There 
is also a 'current suppress' facility by which the dark current 
of the tube can be subtracted out. This differs from the 
ordinary zero suppression in that, it is independant of the 
current range in which the signal is being measured and is a 
very convenient feature. The amplifier has a recorder output 
of 3 volts full scale swing that can be used to drive poten- 
tiometric recorders. A Varian No. G.14 strip chart recorder 
is used to record this voltage. The chart speed is 10 cm/min 
giving a dispersion on the chart of about 0.4 to 1.6A/mm 
(ll/mm IS generally used). 

2.1.10 Wavelength markers and calibrati'n 

The schematic of the marker circuit is shown in figure 

1 

» ft 

2.8. A cam attached to the grating drive shaft closes the 
’Baicroswitch [KESBO (India) No. MVR6] contact once every 
j'^Qtaifon and connects a 1.5'V' dry cell across the recorder 
t‘eri43,hals through a capacitor. The capacitos allows only a 
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sharp spike of voltage to go through^ essentially at the 
instant the contact is closed. Without this a broad marker 
of about 2 to 3 millimetres width would be obtained which 
IS useless. During the off period of the microswitch the 
capacitor is discharged through the resistor to make it 
ready for the next marker. An isolation resistor Reinserted 
in the picoammeter output load prevents the low output Jmpe- 
dancG of the picoammeter from shunting off the 1.5V pulse. 
Since the input impedance of the recorder is as large as one 
Megohm this series resistance does not reduce the voltage 
received by the recorder to any significant extent. The 
values of the capacitor (about 0,l|iP) and the series resistor 
R 2 are chosen by trial and error to get a marker of distingui- 
shable length (about 1 cm) and without overshoot. 

The calibration of the spectrometer thus consists of 
ascertaining the wavelengths corresponding to these marker 
positions. This is easily done by rocordi.ig the spectra of 
some standard sources that arc rich in sharp strong lines. 

Two Geissler discharge tubes, one filled with Argrn and one 
with a Helium-Neon mixture, as well as an Osram Cesium vapour 
standard lamp are used for this purpose. Put together these 
lamps contain more than 200 usable lines distributed over 

C 

the region of interest that is 4500-9000A, The positions of 
markers found out in this way are found repeatable to + lA. 


The markers are numbered by the grating rotation 
angle in tenths of a degree. These are indicated 
in the tracings- numbers like 10.6 etc. 
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The wavelengths measured on the chart have a further measure- 
ment error of about + 0.5A ( correspond] ng to 0.5 mm) giving a 

C 

total inaccuracy of + 1.5A for the wavelengths measured. It 
needs be pointed out here thao rela uive sepcrations of lines 

i 

within a single group (of say lOOA extent) are suboect only to 
this second error of + 0.5A. Usually each spectral line is 
recorded several times, under different polarizations, crystal 
orientations, gain etc., and the wavelength is taken as the 
average of the values measured from all the recordings. It 
IS found that those numbers rarely differ from each other by 
more than lA and the R.M.S. deviation (of 5 to 10 readings) 

IS not more than 0.5A. 

2.1.11 Sensitivity test 

The Raman spectrum of Benzene at R.T. is recorded to 
get an idea of the sensitivity of the spectrometer. Figures 
2.9 and 2.10 illustrate this spectrum recorded with 20 mw and 
500 mw of laser power (4880A) respectively. It could be seen 
from figure 2.9 that the two strong lines of Benzene at 992 
and 3062 cm“^ could be recorded with adequate S/N even with 
20 mw of power, 

2.2 Spectrophotometer used at Santa Barbara 

Some preliminary work on the fluorescence spectra 
of and Eu^’^:IiaFj in some crystal orientations using 
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Ar laser excitation was done by Professor P. Venkateswarlu in 
association with Dr. J.J. Kim in the University of California 
at Santa Barbara. These spectra are recorded on a Spex No. 
1400 double monochromator using Coherent Radiation No. 52 
Argon ion laser. The PMT used is an DMI No. 9558. The 
spectra recorded by the author hero on the set up described 
compare q^uite favourably with those spectra in terms of S/N 
as well as wavelength accuracy. The double monochromator 
gives superior performance however in case of linos lying 
close to the exciting laser line because of the much smaller 
scattering inherent in such a system. The (E-Z) group of 
Nd in the region 5170-5300A is an example of this. All the 
recordings reproduced in this thesis except this above 
mentioned one ^ are those made by the author on the set-up 
assembled here. 

2.3 Experimental arrangement with the nitrogen laser 
excitation 

The Ng laser used was built in our laboratory by Mr. H. 
Jagannath and Dr. G. Ohakraponi. The laser operates in a 
plane Wave excited mode, achxeved by pD acing the nitrogen 
plasma tube across a laminated sheet transmission line 
etched in a parabolic shape. The exciting voltage pulse of 
16 to 20 KV IS applied at the focus of the patuabola by a 
spark gap. The laser pulse generated has a width of about 
7.5 ns. The peak powe^-is estimated to be between lOOkW and 
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1 MW. At the time these experiments arc made it was operating 
in a self quench mode, at a frequency of about 20 pulses per 
sec. A detailed description of the leser is given in a 
technical report*" prepared in the lab "'ret ■'ry . 

Ihe cross section of the Deser oeam is a rectangle 

p 

approximately 4 x 10 mm . The beam is bent upwards by a 
front coated Aluminum mirror and is focussed into the crystal 
by a quartz lens of 1" focal length. The fluorescence is 
collected in a horizontal direction by a condensing lens 
chosen to suit the particular spectrograph used. The Oarl- 
2eiss Q24 medium quartz spectrograph was used for work in the 
ultraviolet region and the Oarl-Zeiss three prism spectro- 
graph in the visible and infrared. The exposure times 
ranged between 30 mts and one hour with the Q24 and between 
1 hour and 6 hours with the three prism instrument. The 
plate factor of these plates ranges between 30 and 200A/mm. 

The principle inaccuracy in the wavelengths ’■leasured from 
these plates is due to the 30iJ, slitwidth used. 

2.4 The optical absorption set up 

The optical absorption spectra are recorded photo- 
graphically on a Jarrell-Ash 3.4 metre Ebert grating spectro- 
graph, Interchangeable gratings with 15,000 and 30,000 L.P.I. 
are used. The first order dispersion of 5A/mm and 2.5i/iDm 
provided by these gratings respectively proved adequate for 

In press 
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the spectra recorded. Higher orders are suppressed hy the 
use of various glass filters of the Corning OS series. 

A 750¥ Tungsten (projector) lamp is used in the visible 

region and a Oarl-Zeiss No, H 2 -O .3 Hydrogen lamp for work in 

the ultra violet. The exposure times with the tungten lamp 

ranged between 30 sec and 5 minutes. The Hydrogen lamp 

however required exposures of upto 30 minutes duration. The 

spectra are recorded on Kodak 103a-N,0 and P plates of 25 x 5 
2 

cm dimensions in their respective regions of sensitivity. 

Iron are is used as the standard and the plates are 
mostly measured on Oarl-Zeiss Model B Abbe comparator 
which has a least count of Ip. Positions of some broad lines 
whose centres could not be located on the comparator are 
measured using a Oarl-Zeiss Model III microdensitometer. 

This has a least count of lOp, 

The inaccuracy in the measured wavelengths of sharp 
lines (Eu^’^'jlaP^) is mainly due to the slitwidth used. At a 
dispersion of 2.5A/mm the used slitwidth of 50p corresponds 

f O ^1 

to 0.125A. At 50 OOA this IS equal to 0.5 cm . The absor- 
ption spectrum of Nd^"'';LaI'^ on the other hand consists of many 
overabsorbed lines and the error in their measurement is due 
to errors in locating the line centres. Even from micro- 
densitometer traces these could not be located to better than 
lA and this is the limiting error. 
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CHAPTER 3 

OPTICAL ABSORPTION IJSD PLUORESCENGE 

SPECTRA OP Bu^'^;LaP, AT LNT 

3 


ABSTRACT 


The optical absorption and fluorescenco spectra of 

0.57oBu^'^:LaP^ are observed in the region 4500-9000A. Only 

three lines due to ^2 and three lines due to are observed 

in absorption. The fluorescenco excited by tho Argon ion 

laser consists in all, of twelve groups of transitions from 

^0 is'*'® levels 'Pq 12345 °^ ^ ground multiplet. 

No transitions to 'Pg are found. The availability in the Ar 

laser of several excitation wavelengths was of some help in 

identifying the upper levels of fluorescence. Using the 

fluorescence data, positions of all the Stark components of 
c 7 

^0 1 2 ^1 4 determined. Only three levels 

of "^Pg (of the expected five) are determined, as fluorescence 
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to other levels is not observed, while the identification 

7 7 

of the Stark components of and was hampered by a 
multitude of overlapping transitions. Attempts to determine 
the positions of levels of F multiplet by infrared absorption 
did not bear fruit, laF^ has a hexagonal unit cell and the 
R.E. ions are known to replace the la ions substitutionally 
at sites of orthorhombic symmetry. The polarizations of the 
lines indicate a 0 ^^ site symmetry, but with some deviatibne 
which indicate a distortion towards G_ However, a consistant 
set of symmetry species assignments could be made to all the 
observed levels under the classification of a symmetry. 

Exciting this crystal with a nitrogen laser resulted 
only in continuum fluorescence in the blue, most likely due 
to Bu^*^. 
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3.1 Introduction 

Europium is the seventh element in the Lanthanide 

series and in the trivalent state, has six electrons in the 

6 

4f valence shell. The low lying levels of this 4f configu- 
ration have been fairly well established by several past 
1-4 

studies . The intermediate coupling calculations made by 
2 

Ofelt incorporating the septet-quintet-triplet interactions 

have lead to a positive identification of several levels 

—1 ' 5 + 

observed below 40,000 cm in Eu :LaCl^. Tho level stru- 
cture IS particularly simple below 24,000 cm”^ . In this 

7 

region are contained the regular E ground multiplet (0- 
5000 cm ) and four levels Lq 123 °^ ^ multiplet 

between 17,000 and 24,000 cm . The energy level diagram 
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IS given in figure 3.1. Above 24,000 cm ^ occur several 
levels belonging to different terms and the region is very 
crowded. Identification of many of these levels is due to 
Ofelt^. 

3+ 5 

Eu rLaF^ was investigated earlier by ¥eber who 

5 

studied the lifetimes of t o ■z levels as functions of 
Europium concentration and temperature. However only a few 
details of the spectrum as such were reported, from which 
it IS not possible to establish the energy level structure. 

In this work aimed at obtaining this information, 

the optical absorption spectrum and the laser excited fluore- 

3+ 

scence spectrum of Bu :LaE^ are recorded in the visible. 

Erom these spectra moat of the Stark components of the levels 
of E and 'E multiplets below 22,000 cm are determined, 

A site symmetry of is found to be a fairly good approxi- 
mation to the site symmetry of the rare earth ion and all 
the observed Stark components are classified according to the 
species of this symmetry group. 

3.2 Orystal structure of ItaE ^ and selection rules 

The crystal structure of IiaE^ has been a suboect of 
discussion for a long time. Neutron scattering studies^ 
have determined the unit cell to be hexagonal and hexamole- 

3 

cular, and belonging to the space group • The Lanthanum 
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ions are determined to "be lying in two planes, forming equila- 
teral triangles rotated by 60* about the crystalline symmetry 
axis (o axis) with respect to each other and with a separation 
of c/2 between them* The E*P.R. measurements' on a number of 


rare earth ions (Nd, Ce, Er, Ey and Yb) doped in laE^ indicate 
a site symmetry of for the rare earth ion. the reflection 
plane being a plane containing the R.E. ion and the c axis. 

3 

This IS in conformity with a unit cell of Cgy symmetry. 

3 

However two structures which are more symmetric, viz and 
have been proposed on the basis of X-^ray measurements^*? 


O 

Eifferences of the order of O.lA in the co-ordinates of the 
various ions distinguish these three structures from each 
other. The site symmetry of lanthanum is Q^y and Og respe- 
ctively in the two latter structures. The Cg axis is perpen- 
dicular to the c axis and in Case of 02 V one of the reflection 
planes is perpendicular to the c axis, and the other contains 
it, 

The studies on the Raman spectra^^ are consistent with 
a e|^ structure, but only small deviations from the more 

3 

symmetric Egj^ structure are observed. The optical spectrum 

3+ IT ’ 

of Pr"^ ;LaP^ ^exibitsj polarization and selection rules 
compatible with site symmetry with only a few deviations, 

34. 

A site symmetry of was derived for the Gd-'^ from the E.P.R. 
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5+ 

mGasurements of Gd doped in several rare earth trifluorides 

12 

isomorphous with IiaP^ . It was however considered to he 

indicative only of local adjustments of the ligands around 

3+ 

the spherically symmetric Gd rather than a space group 
•5 

higher than ° 6 v for the crystal as a whole. In any case the 

Raman and optical studies cited above indicate that a site 

3 

symmetry of 02 ^ compatible with a structure is not far 
from the reality and is aileast a very good approximation. 

The observations on the optical spectra of Kramers 
ions doped in this lattice (Nd^^ , Dy^^, Sm^^ and Er^^) present 
however a more intriguing problem in that, the spectra are 
partially polarized. None of the orthorhombic ^ 2 * ^s^ 

symmetry groups contain more than one double valued represen- 
tation, So under any of these symmetries all the Kramers' 
wavefunctions belong to a single species and no selection 
rules exist nor should there be any polari^.ation. The pola- 
rization of tho lines does not conform also to the pattern 

expected for a site symmetry which the R.E. 10 ns possess 

4 17 

in the highly symmetric unit cell proposed by Schlyter 

Some explanations are offered for this descrepancy by earlier 

workers^^ but no conclusions could be reached at. This 

aspect IS discussed in a greater detail in section 4.7* 
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The selection rules for the symmetry groups and 0^ 
are given in Tables 3.1 and 3.2. Since the quantizabion axis 
of the R.E. Bite is perpendicular to the symmetry axis of the 
crystals a right handed co-ordinate system illustrated in 
figure 3.2 is used in deriving these tables The ionic co- 
ordinate system XI Z is so oriented that the X and Z axis lie 
in a plane perpendicular to the c axis and the I axis coincides 
with it. The horizontal plane being a symmetry plane 
the X and Z axis are indistinguishable. The only recognizable 
axis IS Y, parallel to the o axis. Thus in Tables 3.1 and 
3.2, a and % refer to the electcic vector perpendicular and 
parallel respectively to the c axis and not to the ionic Z 
axis This degeneracy of the X and Z axis leads to an ambi- 
guity in the species assignment (under of the relevant 

levels, if based only on the polarization of the transition 
between them. Specifically it is not possible to distinguish 
strictly between and or between A 2 and B 2 . However in 
the present case where several transitions involving a parti- 
cular level are observed, the information from all these 
are put together and with the a priori inf ormation of the kind 
that J=0 level is an A^ (not a unique species assignments 
are arrived at for most of the levels. The next section 
describes the observed speotriim and its analysis. 
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Table 3.1 

Selection rules for 0^^ sites in the structure of laP^ 
a. Electric Dipole b. Magnetic Dipole 



% 

Ag 

\ 

^2 

E' 


Ai 

-17- 

\ 


E’ 


a 


a 

n 


^1 


% 

a 

7C 


Ag 


CT 

TC 

a 


A2 

71 


7t 

a 



a 

It 

a 




0 

% 


n 



% 

a 


a 


=2 

71 

a 

71 



E' 





071 

E' 





art * 


E* IS the double valued representation 
70 Electric vector parallel to C axis 
a Electric vector perpendicular to C axis 


Table 3.2 

Selection rules for 0^ sites in the structure of DaE^ 

a. Electric Dipole b. Magnetic Dipole 



A’ 

A” 

E' 


A’ 

A" 

E’ 

A’ 

071 

0 


A» 

% 

on 


A” 

0 

07t 


A" 

071 

% 


E’ 



OTT 

E' 



07C 


E^ IS the double valued representation 
a and % have the same meaning as in Table 5*1 
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Table 3.3 

Correlation table for G_ and 0 (yz) groups 

2v s' ' ” 


Species under 

Species under 0 (yz) 


A' 

^2 

A'* 


A" 


A‘ 

2 




53 


3.3 I!lie absorption and f l uoresoence spectra at L NT 
3.3.1 Q-eneral features 

A single crystal of ocntaining 0.5 '/DEnropium 

purchased from the Opt ova c Oo. (USA) v/os kindly loaned to 
us "by Professor H.P. Broida. fhe crystcl is of very good 
optical quality and measures 10 x 7 x 4 v;ith the c axis 
specified to he parallel to the shortest side (4nmi). Ihis 
IS checked by viewing it under a polarization microscope. 

The crystal contains beside Europium, an unkno\Am but small 
quantity of Praseodymium as an unintentional co-dopant. 

The absorption spectrum at LET recorded in the range 

Q 

4000-9000A consists of only two groups of sharp and weak 

lines"*" around 4640A and 5240A . By comparison with the spectra 

of Eu^"*" in other lattices^”"'^ these lines are easily identi- 

7 5 7 5 

fled as due to the 'Pq- Dg and 'Eq- transitions. The 

(expected at about 41002.) is not obseT^ved^^ as well as 
7 5 

the 'Eq-'^Bq. The latter is forbidden by both electric dipole 
and magnitic dipole selection rules but is seen to become 
allowed^ due to J mixing. Weber-^ reports observing this 

C Cn 

transition at 5830A in the excitation spectrum of -^Bq 
fluorescence. 

Weber also mentions observing the infrared absorption 
due to the transitions within the E multiplet but did not 
give any details. Efforts to observe this here on a PerkLn- 

The lines are very weak. No satisfactory print 
could be obtained and therefore the figure is 
not presented. 
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the two namely, (660oi) and ^D^- 

(6IO0I). This IS howerer not possible with the crystal 

used^as excitations capable of populating also lead to 

5+ 

strong fluorescence from the Pr in both those regions and 
masks the Europium fluorescence. The observed fluorescence 
at LET are listed in Table 3.4. The excitations. used are 
4580A (for ^^2^ 51451 (for and ^Dq) throughtcut"^ 

as the other excitations give much weaker fluorescence 

In the spectrum recorded at RT the lines show width 
larger by factors of two or three than at LNT. This is not 
very large yerf's^ but still large enough to obscure several 
fine details and small splittings, limiting the usefulness 
of the spectrum Also the intensity is about three times 
smaller at R.T. The discussion is therefore limited to the 
spectrum observed at LNT only. 

The elucidation of the energy level structure being 

the main task of the analysis, in what follows, the various 

7 

transitions terminating in a particular Ej level are dis- 
cussed together. In the discussion the totality of transi- 
tions between a particular -^Dj level and a Ej level is 
referred to as a ’group’ and the superscripts 5 and 7 are 
ommitted for brevity. For example the group of six lines 
identified as transitions between -^Ii^ and 'E^ levels is 
referred to as the group. The word ’transition’ is 


^ Excitation with the 3371A emission of the nitrogen laser 
resulted only in same continuum fluorescence in the blue, 
attributable to Eu^"^, An EPR spectrum characteristic of 
Eu*^^ IS also observed in this crystal. 
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however used to denote a single transition "between any two 
Stark components. A notation is also introduced to denote 
the individual Stark components as follows. The Stark levels 
of say, the are denoted as lil,l; Dl,2 and Dl,3 in. order 
of increasing energy. In Dieke's notation these would be 
called Bg and B^ respectively. This notation would lead 
to a clash with the species notation (A^, A 2 , B 2 ) and 

for this reason is not used here Stark components of 
for example are similarly d^notod B4,lj B4, 2; ... . I'4, 9. 

The transition assignments shown in Table 3.4 use this 
notation only. The word 'level is primarily used to denote 
an SIJ level say) but it is also sometimes used to 

denote individual Stark components. Care is however taken 
to avoid confusion due to this double usage by making the 
context clear, 

7 

3 , 3.2 Transitions involving the 'Bg rrornci stat e 

These are observed in absorption as well as fluorescence. 
The absorption lines are given in Table 3.5. The fluore- 
scence spectrum is illustrated in figures 3.3 and 3.4. The 
numbers marked in the figures under the various fluorescence 
lines are the wavelengths in Angstrom units. Three transi- 
tions are obi^rved between B^ and in both cases. Two of 
these are ti polarized and the other a. The axial spectrum 
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Table 3 *4 


3+ 

The fluorescenoe speotnan of Bu : LaP_ at LMT 

5 


Tf B Vector parallel to C axis. 


and 5" 


a 

B,e 

M,m 

* 

+ 


E Vector perpendicular to 0 axis, direction of viewing 
perpendicular to C axis 

Observed while viewing along the C axis. * 

Strong, weak electric dipole transitions. 

Strong, weak magnetic dipole transitions. 

The partial polarization of the line can be explained 

under 0 sywnetry only 
s 

The partial polarization of the line cannot be explained 

even under G symmetry. 

6 


Wavelength 

0 

A 

Energy 

(cm’’’) 

Polarization 

Strong Weak 

Transition 

Nature 

4635.8 

21565 

aa 


3)2,5 - 

_ po* 

B 

4641 .0 

21541 

da 


3)2,4 - 

— PO 

B 

4643.0 

21532 

Tt 


3)2,3 - 

— PO 

E 

4647.7 

21509.7 

da 


3)2,2 - 

— PO 

B 





I'2,1- 

ro 


4658.0 

21462 



Earaan, 

458QA 

excitation 

4663.0 

21439 



II 

n 


4704.6 

21250 

Ttda 


3)2,5 - 

— P1,1* 

B 

4711.0 

21221 

71 da 


3)2,3 “ 

— P1,1* 

B 

4717.8 

21 191'. 5 

7td 

a 

3)2,5 -■ 

— PI ,2* 

B,m 





3)2,1 - 

— P1,1 

E,m. 

4724.3 

21161 

Tta 


D2,3 •“ 

— PI, 2 

1 

4727.2 

21148 

d 


3)2,5 El ,3 

M 

4729.6 

21138 

d 


1)2,2 ~ 

— P1,2 

1 

4731.0 

21131 

n 

a 

3)2,4 - 

— PI, 3 

B,m 

4759.8 

21092 

dira 


3)2,1 - 

— PI, 3* 

M 
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Tatle 3,4 (oont.) 


Wavelength Energy Polarization Transition llaturo 


0 

A 

(cm"'* ) 

Strong 

Week 




5070.5 

19716 

Tl 

0a 




5076.9 

19692 

ncfa 





5079.2 

19683 

%a 


tt 



5083 .4 

19666 

Tta 

0 

IT 



5O85.2 

19659 

nffa 


!! 



5O88.5 

19647 

a 

Tia 

11 



5091 .0 

19637 

%aa 


II 



5097.2 

19613 

a 

Tta 

n 



5103.1 

19591 

na 


n 



5110.6 

19562 

a 


It 



5116.7 

19558 

% 


n 



5124.5 

19509 

naa 


!l 



5222.0 

19144 



Raman, 5145A 

excit ation 

5227.6 

19124 



11 

It 


5244.0 

19063 

a 


D1,3 

FO 

M 

5246 .2 

19056 

%a 


D1,2 

FO 

M 

5249.7 

19043 

Tta 


m ,1 — 

FO 

M 

5284.0 

18920 

0a 

7t 

\ - 


E 

5287.0 

18909 

0a 

7t 

11 

? 

B 

5295.0 

18888 

71 

0 

11 

•? 

E 

5352.8 

18747 

71 cya 


D1,3 — 

P1,1 

E 





D1,2 

P1,1 

E 

5537.6 

18730 

0a 


D1,1 

P1,1 

E 

5349.5 

18688 

0a 


D1,5 — 

P1,2 

B 

5355.2 

18668 

71 

0a 

D1,1 

P1,2* 

E 

5363.2 

I8640 

0a 


D1,2 

El ,5 

E 

5366.5 

18629 

0a 


D1,1 

El ,3 

E 
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Table 5,4 (oont.) 


Wavelength Energy Polarization Transition llature 


0 

A 

(cm"'') 

Strong 

Weak 





5523.6 

I8O99 

a 

Tta 

D1,3 


E2,1* 

¥ 

5529.6 

18080 

na 


D1,1 


P2,1 

¥ 

5533.2 

18068 

a 


PI ,3 


P2,2 

M 

5535.5 

18060 

Tca 


PI ,2 


P2,2 

M 

5540.3 

I8O45 

Tia 


PI ,1 


P2,2 

¥ 

5564.2 

17967 

na 


i5l,3 


P2,3 

¥ 

5571 .6 

17943 

a 


P1,1 


P2,3* 

M 

5619.5 

17790 

n 

aa 



7p , 

5 

E 

5627.0 

17767 

71 aa 



n 


E 

5631 .0 

17754 

era 



Tl 


E 

5633.2 

17747 

aa 



rt 


E 

5635.0 

17741 

71 



n 


E 

5640.5 

17724 

aa 



n 


E 

5642.0 

177t9 

71 



It 


E 

5651 .0 

17691 

71 : aa 



It 


E 

5675.0 

17616 

aa 

<? 


11 


E 

5680.5 

17599 

aa 

9 


n 


E 

5684 .0 

17588 

aa 

0 


It 


E 

5690.5 

17568 

71' 

aa 


n 


E 

5704.5 

17525 

Tcaa 



ft 


E 

5715.5 

17498 

Tt 



Tl 


E 

5721 .5 

17475 

aa 



If 


E 

5805,8 

17219 

aa 


P1,3 

— 

P3,1 

E 

5812.5 

17200 

n 


P1 ,1 


P3,1 

E 

5814.0 

17195 

aa 


PI .3 

— 

P3,2 

E 

5816.0 

17189 

7C 


PI ,2 

— 

E’3,2 

E 
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Table 3 (cont.) 


Wavelength 

0 

A 

Energy 
(cm”'’ ) 

Polarization 

Strong Weak 

Transition 

Nature 

5819.9 

17178 

H 


B1,3 

J'3»3 

B 





D1,3 

I’3,4 

E 

5821 .3 

17174 

era 


3)1,2 

i’3,3 

E 

5827-7 

17155 

n 


D1,3 — 

5’3,5 

B 



cJa 


3)1,1 

F3,4 

B 

5829.7 

17148 

aa 


3)1,2 

5*3, 5 

E 

5859.3 

17062 

0 a 


3)1 ,2 

F3,6 

E 

5865.1 

17045 

9 


3)1,1 

F3,6 

E 

5888.0 

1697 a 

Tia 


3)0 

PI ,1 

M 

5908.8 

1691 8 

%a. 


3)0 

PI ,2 

Ivl 

5922.1 

16881 

0 


3)0 

F1,3 

M 

6078.3 

16447 

0 a 


D1,3 

F4,1 

E 

6085.3 

16428 

% 


D 1 

F4,1 

E 

6123-5 

I 6326 

0 a 


3)0 

F2,1 

E 

6136.5 

16291 

TC 


DO 

P2,2* 

E 

6143.5 

16273 

'n; 0 a 


3)1,3 

P4,2'^ 

E 

6165.9 

16213 

Tl 


D1 ,2 

F4,3 

E 

6175.1 

16189 

0a 


D1,3 

F4,5 

E 

6182.1 

16171 

%aa. 


D1,1 

F4,5^ 

E 





3)1,3 

P4,6'^ 


6186 .0 

I 616 I 

% 


D1 ,2 

P4,6 

E 

6197.9 

16129 

0a 


D1,2 

F4,7 

E 

6201 .0 

161 21 

0a 


D1,1 

P4,7 

E 


16017 

0a 


D1,3 — 

F4,8 

E 

6250.0 

15995 

■It 


3)1,1 

F4,8 

E 





3)1,3 

F4,9 


6257.8 

15975 

0 a 


D1,1 

F4,9 

E 
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Table 3 -4* (oont.) 


Wavelength 

-•0 

A 

EJnergy 
(om""* ) 

Polarization 

Strong Weak 

Transition 

Nature 

6482,1 

15423 



^^0 

— 



6490.5 

15403 




T1 



6493.6 

15395 




11 



6499.7 

15381 




11 



6543.0 

15279 



^^1 

— 

\ 


6551 .0 

15260 




M 



6561 .5 

15256 




It 


£ 

6570.5 

15215 




It 


£ 

6618.6 

15104 




IT 


£ 

6641 .6 

15052 




11 


£ 

6646 «0 

15042 




t> 


£ 

6659.4 

15012 




It 


£ 

6667.4 

14993 




ti 


£ 

6675.5 

14976 




1! 


£ 

6685.5 

14953 




11 


£ 

68O9 .5 

1468I 

71 era 


DO 


F4,1* 

E 

6891 .8 

14505 

era 


DO 


F4,2 

E 

6919.8 

14446 

0a 


DO 

— 

P4,4 

E 

6952.2 

14421 

% 


DO 



l’4»5 

E 

6959.4 

14364 

n 


DO 

— 

F4,7 

E 

7017,6 

14246 

0a 


DO 


5*4,8 

E 
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Table 3*5 


3 + 

The absolution spectrum of Eu ‘la? 


at LTD 


Wavelength 

O 

A 

Energy 

cm 

Polarization 

4642,95 

21552.0 

It 

4647.2 

21512.3 

aa 

4648.26 

21507.4 

aa 

5244.36 

19062.8 

a 

5246.19 

19056.1 

Tia 

5249.69 

19043.4 

%a 


Note* All the six lines are sharp and weak 




Excitatibn 4580 X , 60 mw 
Input silt Width 100 /J 
Range 3 namp 



o 

CPltD sj 
'4‘'4' nJ- 
cs(<Sl IN' 
IfjlCi JUCY 
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IS identical to the n spectrum. Thus these are magnetic 

dipole (MD) transitions. The ED transitions "between these 

levels are actually forbidden hy the zero to odd selection 

rule given hy Ofelt . The mixing ol 'E and ^D wavefunctaons 

hy the off~diagnal elements of the spin orhit coupling 

(chapter 1) is responsible for allowing these MD transitions. 

The splitting of ^D^ is A2 + under and A' + A” 

under 0_ (Table 3.6). Erom the selection rules of these 
s 

groups (Tables 3.1b, 3.2b) it is seen that the observed pola- 
rizations check only with C2V* ^ lines are due to 

Stark components of Ag or Bg species whereas the cr line is 
due to a component of B^ species. Thus the splitting of the 
^D^ is Dl, 1-19043. 4- cm"^ (Ag), Dl, 2-19056,1 cm“^ (B^) and 
Dl, 3-19062. 8 cm”^ (B^), 

The group contains two a lines and one n line in 

absorption (Table 3.5). In fluorescence the two o lines at 
4647. 2A and 4648. 3A are not resolved. Als>-. two more weak 
lines are observed in a polarization. The axial spectrum 
IS identical to the a spectrum confirming the electric 
dipole (ED) nature of the group. Actually AJ = 2 for this 
group and no MD transitions are alloweiSf'. Under 0^^ three 
a lines and one u line are expected, the ED transition to 
Ag being forbidden (Table 3.1a). However as the symmetry 
descends to C_ this transition (A’ -A") becomes allowed in 

^ Eor all such cases where AJ=2 or larger, the 
axial spectrum is invariably found to be similar 
to the a spectrum and since there is no possi- 
bility of doubt the axial spectrum is not sId wn 
in the figures. 
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Sable 3.6 

Splitting cf the various J states xmder 0^ and C symmetries 

cV “ 


J 

^ 2 V 

Og 

0 


A' 

1 


A' + 2A" 

2 

2 A, + ^ + + Bg 

3A» + 2A" 

3 

+ 2 ^ + 2 B^ + 2 B 2 

» 

3A’ + 4A" 

4 

3A, +2i^ +2B^ + 2 B 2 

5A' + 4A’’ 

5 

2A, +3^2 +3B^ + 3 B 2 

5A‘ + 6 A" 

6 

4A^ +3ii2 +3B^ + 3 B 2 

7A» + 6 A" 
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a polarization (TalDle 3.2a). The weakest of the four a 
lines IS therefore attributed to a Stark component of Ag 
species''". The other three a lines are due to components of 
A^^ or species, the ti line from that of species. Thus 
the splitting of the is 1)2,1-21507.4 cm ^ (A^^ or B^); 

D2, 2-21512. 3 cm"^ (A^ or B^)j D2 ,3-21532(B2) ; B2, 4-21541 cm~^ 
(A^ or B^) and D2, 5-21565 cm"^ (A 2 ) • These assignments are 
somewhat tentative at this stage and have to he confirmed hy 
the analysis of other groups. 

7 

3 . 3.3 Pluorescence terminating in 

This level is expected around 350 cm""^ and the groups 

of lines around 5900A, 5350A, and 4700A are easily identified 

as the ^2"^! these three groups 

are shown in figure 3.5. MD transitions to are allowed 

from all the three fluorescing levels, whereas BCD transitions 

are allowed only from and B^. EB transitions from Bq are 

forbidden by _the zero to odd selection rule. Figure 3.5 

/A 

shows that the character of the group m MB, and that 

of the D2'"^1 mixed. The group however does not show 

any MB transitions. The reason may very well be the same as 
advanced by Judd"^ to explain their absence in the spectrum 
of Europium ethyl sulphate, namely the accidental vanishing 
of the MB matrix element due to the coincidence of the g 
factors of and 

It is checked that none of these lines 
IS a Raman line. 
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The position of the Dq level being still unknown, 
the group is analysed first. Both these levels split 

as Ag+B^+Bg under and seven T7D transitions are allowed 
in all between them, fi”.. in the a polarisation and two in 
the 71 . Under 0_ syTumetry one expects four a lines and five 
unpolarised lines. The observed spectrum consists of four 
a lines, one % line and one line that is present in both 
polarisations (5332.8A), This last line appears with a 
slightly larger width in the unpolarised spectrum. It is 
likely that it consists of two lines, one in a and one in tc. 
Thus a 0^^ symmetry seems to be a valid approximation here 
also. 

The transition assignments are done with the help of 
Table 3.7. In this table, the wavelengths, wavenumbers and 
the polarizations of the six observed lines are written in 
the first three columns. The energies of the levels of 
alongwith their species assignments as are determined so far 
are written on top of the next three columns. The table is 
now filled as a matrix of the differences of energies of the 
upper levels and the observed lines. These differences 

correspond to possible lower level positions and since parti- 
cular lower levels are involved in more than one transitions 
some of these numbers must coincide with each other. The 
upper level positions are obtained from the absorption plates 
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Table 3.^7 


Difference matrix for the (D^-P^) group of fluorescence lines 



Observed lines 


D 1 , 1 (A^ or 

32 )D 1 , 2 (A 2 or 

B 2 )D 1 , 3 (B^) 

Wavelength 

Energy cm”"* Polarization 

19045 om"’' 

19056 om“’^ 

19065 om’" 

I 






5566.5 

18629 

_a 

414 ^ 

427"* 

434 

5363.2 

I864O 

a 

403 

416 ^ 

423’’ 

5355.2 

18668 

% 

375’ 

588 

395 

5349.5 

18688 

a 

355 

568 

375 ^ 

5337.6 

18750 

a 

313^ 

526 

333 

5332.8 

18747 

cm 

296 

309"^ 

316^ 


Note 


In this and the succeeding difference matnces, sets of 
'matching' numbers are indicated by superscripts 1,2,5 elJc 
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and are accurate to + 0.5 cm The fluorescence line posi- 
tions however are not as accurately measurable. Thus a 
'match' or ' coincedonce' is taktin to occur if any two numbers 
are within 5 cm"^ of eacii other. Pom such sets of numbers j 
indicated by superscripts, could be seen in the table. 

The match 423 and 427 implies two a transitions from 
Dl,2 and Iil,3 to a lower level at that energy. These two 
upper levels however belong to(A2 or B2)and species respe- 
ctively and cannot both have a transitions to a single level 
(Table 3.1a). This coincidence is thus considered fortuitous 
The match 414 and 416 is however valid since a transitions 
from two levels both of A2 or Bg species are possible to a 
single level also of A2 or Bg species. The match 375 is 
again valid, and since a 71 transition is allowed only between 
A2 and B^ this determines the species of 1)1,1 as A2 and that 
of tho Stark component at 375 cm’"^ as B^. Bl,3 being already 
assigned as belonging to _B the remaining 1)1,2 must belong 
to B2 species. The match 316, 309, 315 is valid polarization- 
wise and also determines the 313 cm ^ (average value) component 
of as A2, since it is only levels of this speoies that 

can have transitions to A2, as well as B2 levels. This 

\ 

identification enables the assignment of the Stark component 

-1 5 

at 415 cm as a Bg. 3Jb.e splitting of therefore is Dl,l~ 

19043.4 cm”^ (A2); 1)1,2-19056.1 cm"^ (Bg) and 1)1,3-19062.8 cm-^B^).^ 
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The splibting of the '^5'^ is PI, 1-313 cm''^ PI, 2-375 cm*"^ 

(B^) and PI, 3-415 cm~^ (Bg). Pigure 3.6 represents all the 

n 

transitions terminating in P^ diagramtically . 

The magnetic dipole induced I>q~P]_ group can now "be 

5 

used to fix the position of Dq level. The separations of 
these throe lines (5888 , 5908.8, 5922. ll, Tablo 3.4) and 
their polarizations check with what can he expected from the 

7 

species assignments made above for the P^. Using these 

7 5 

energies of the Stark components of P^ , is determined 
to lie at 17293 cm”^. 

7 

With the splitting of the P^ level thus established 
it IS a rather simple matter to analyse the 
(also shown in figure 3.5). The transition assignments made 
are given in Table 3.4. However the partial polarization of 
four of these eight lines cannot be explained under but 
only under C . These are indicated by a in the transition 

O 

assignments column in this table. Out of the polarized lines, 
the MB transition at 4727. 2A (a) between D2,5 and PI, 3 (Bg) 
determines the species of the former t 
tively assigned already. Similarly the MB transition (c) 
to PI, 2 (B^) at 4729 . 6A fixes the species of B2,2 as 
The line is present strongly in 71 and is weak along 

the axis. That is, it is a strong electric and weak magnetic 
transition. The lower level is PI, 3 (Bg) and tc polarized 
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ED and MD transitions ar^, allowed to it only from not 
So the upper levol 132,4 is an A^ The remaining D2,l 
then has to ho a So the splitting of is D2, 1-21507 4 

cm"^ (B^), D2, 2-21512 3 cm“^ (A^^), 1)2,3-21532 cm“^ (Bg)^ 

D2, 4-21541 cm“^ (A^) and D2, 5-21565 (Ag) 

7 

3 3 4 Pluoroacenco terminating in E g 

Only the magnetic dipolo induced ^“5*2 g^oup around 
5550A, shown in figure 3 7 is properly identified in tlifl case 

I 

The Dg-Eg group expected around 4780A is masked hy the Pr 
fluorescence and D^-Pg lines are mixed up with those of 
Table 3 8 gives the difference matrix for the 
similar to Table 3 7 Using appropriate selection rules three 
coincidences at 964 cm”^ (A-j^), 996 cm“^ (A^) and 1098 om'^CBg) 
I found to be valid and the two at 9^^and 976 as invalid 

^ Figure 3 8 summarizes the transition assignments Here the 

above three levels are denobed as F2,l, F2,2 and F2,3 respe- 
ctively 

With these assignments the last line at 5571 6l 
[D1,1 (A2)-F2,3 should be a polarized Whereas there 

is significant intensity in the is polarization also It is 
likely that this is due to a coincident transition from 
1)1,2 or Bl,? to any one of tho four Stark components of "^Fg 
not determined so far But the present method of analysis 



Excitation 5145 A j 400 mw 
Input slit width 100 p 
Range 10 n amp 
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Table 3*8 


Difference matrix for the (D^-F^) g3?oup of fluorescence lines 


Wavelength 

A 

Observed lines 

Energy cm*""* Polarization 

DUCAg) 

19043 cm ^ 

D 1 

19056 cm ^ 

Dl,3(Ep 

19063 om“^ 

5571 .6 

17943 

cm 

1100 '’ 

1113 

1120 

5564.2 

17967 

n 

1076 

1089 

1096 '' 

5540.3 

I 8 O 45 

% 

2 

998^ 

1011 

1018 

5535.5 

18060 

v 

983 

996 ^ 

1003 

5533.2 

I 8 O 68 

cr 

975 

988 

2 

995 

5529.6 

18080 

Tt 

963 ^ 

976 

983 

5523.6 

I 8 O 99 

a 

944 

957 

964 ^ 


Note: The superscripts indicate sets of matching numbers 



19063 

19056 

19043 

17293 





1098 

996 

964 


o E a I o a o S 

o<i; cxt o<t o<t cxj 

ix>in 

,(r>u5 r6cT>n^O-<r»~ 

(sjrn (MCNifnPOo-ujc^ 

r-^ ijOtOLOUDtOijnm 

u3tD ir)u>LotfJLOir>in 



^2 


34' 

fig* f*© f^sTtlat. I«!Tr4sl ttt 6,&®ijBg 

tlif- a‘1^ *5f7®K. 
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which, relies on finding atleast two transitions to a single 
Stark component to id.entify it^ cannot lead, to any conclusions 
of this nature. The partial polarization can however he 
explained by considering the descent in symmetry to C„. Only 

>3 

the latter is indicated in Table -3.4 to maintain consistancy. 

7 

3 *3 *5 T'luoruscence terminating in 

5 

The ED transitions to this level from the Dq are 

18 

again forbidden by the zero to odd selection rule . Any 
weak lines that might have become allowed duo to J mixing are 
mixed up in the group and are not easily separable. 

The analysis is thus again started with the transitions from 
D^. This group (Dj^-E^) is also illustrated in figure 3.7. 

The difference matrix for this group given in Table 
3.9 indicates the following seven lower levels, 1867 --At ; 

^1843, 1889-B^j( 1862,) 1884, 1908-A^ and 1996~A2 or B^. The 
numbers written here are the averages of the sets of matching 
mumbers indicated by superscripts in the table. The expected 
splitting of the level is + 2 A 2 + 2B^ + 2 B 2 (Table 3.6), 
Thus the one A^ level and two levels are accounted for, 
whereas the A 2 levels are in excess. That means atleast 
one of the coincidences is fortuitous and should be discarded. 
A choice IS made here to drop the 1862 cm”^ coincidejice 
since, dropping any of the other tWo would leave one line 
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Table 3,9 


])ifference matrix for the group of fluorescence lines 


Wavelength 

0 

A 

Observed lines 

- 1 

Energy cm Polarization 

DItKAg) 
19043 cm”"* 

351,2(82) 
19056 cm”^ 

351 , 5 (B^) 
I9O63 cm"’’ 

5805.8 

17219 

fj- 

1824 

1837 

1844"* 

5812.5 

17200 

TT 

1843'’ 

1856 

1863^ 

581 4.0 

17195 

er 

1848 

1861^ 

CD 

ON 

CD 

5816,0 

17189 

IT 

1854 

1867^ 

1874 

5819.9 

17178 

IT 

I865 

1878 

1885'^ 

5821 .3 

17174 

(T 

1869 

1882'^ 

1889^ 

5827.7 

17155 

crTT 

1888^ 

1901 

1908^ 

5829.7 

17,148 

tr 

1895 

1908^ 

1915 

5859.3 

17062 

r 

1981 

1994*^ 

2001 

5865.1 

17045 

1 

1998*^ 

2011 

2018 


Note: Superscripts indicate sets of matching numbers 
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unassigned (5819.9A or 5829.7A). Accepting the remaining 
two A^ coincidences as valid, the 1996 is assigned to he a 
Thus only six levels out of the expected seven are 
determined. 

The 1>2“^3 group around 5100A is illustrated in figure 
3.9- There are only 12 lines in the group whereas all 35 
possible transitions are allowed either hy MD or ED selection 
rules. The axial spectrum does not clearly rcsomhle either 
the a spectrum or the tz spectrum and contains bobh kinds of 
transitions. Also several lines are partially polarized. 
Attempts to make transition assignments using a difference 
matrix did not lead to any conclusive results. The number of 
coincidences is too large, and it is not possible to check 
the validity or otherwise of the coincidences because of the 
partial polarization of most of tho lines. 

7 

The splitting of the is thus taken as determined 
from the group only and is as follows. P3, 1-1843 (®i); 

P3, 2-1867 (A^)} P3, 3-1884 (Ag); P3, 4-1889 (B^)? P3, 5-1908 (Ag) 
and P3, 6-1996 (B^). The observed transitions of this group 
are given in the bar diagram of figure 3.10, 

7 

3.3.6 Pluorescence terminating in 

The group of six lines between 6800 and 7020A (figure 

* 

3.11) is in the expected position for the group. All 


51g4.5 
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the lines except the first one at 6809. 5A are polarized and 
using the energy of level determined already, the following 
Stark components are obtained for 2788, 2847, 3047-A^ or 

^"^l' ®1 2872, Out of the nine 

levels which split as 3A^ + 2 A 2 + 2B^ + 2 B 2 , ED transitions 
to the two Ag components are forbidden and cannot be determined 
from this group. These have to b e determined as well as the 
ambiguity of the above species assignments removed, from the 
analysis of the 

The D^-E^ group is illustrated in figure 3.12. This 
IS a group of fourteen lines almost all of which are polarized. 
The difference matrix for this group is given in Table 3.10. 


A perusal of this table produces the following eight valid 
(polarizationwise) coincidences 2894 -A-l; 2873-B^j 

3068,(^2^^, 2852-Agj 2873-B2 and 2925-A2 or Bg. Some of these 
agree with the Stark level positions arrived at from the 


Dq-E^ group within the experimental uncertainty. Combining 
the information obtained from both the groups, one has a total 
of 11 levels; 2894-A^j 2614 , 2873-@; 2788 . 2847 . 3047 ~Aj^ or 
B^j 3068, _22X1, 2852-Ag and 2873 . 2926 -(^ The numbers 
written are 'averages' and the levels determined by the 
transitions from Dq are underlined. Since only nine levels 
are expected some of the above must be wrong. 



Excitatiof\ 5145 A ,4D0 mw 





Excitation 5145 A ? 400 mw 
Input slit width 150 ^ 

Range 3 n amp 



iuis 

6 /.6U 
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Table 3.10 


Difference matrix for the (D^-P^) group of fluorescemce lines 


Observed lines 


D1,iCA2) 

D1,2(B2) 

D1,5(B^) 

Wav^ength 

A 

Polari- 

zation 

Energy_^ 

«m 

19045 cm"'' 

19056 cm 

■’'19O65 em"*'' 

6078.3 

a 

16447 

2596 

2609 

2616'' 

6085.5 

n 

1642s 

2615’' 

2628 

2635 

6123.5 

a 

163a.' 

2717 

2750 

2737 

6136.5 

%a 

16291 

2752 

2765 

2772 

6143.5 

071 

16273 

2770 

2783 

2790 

6165.9 

% 

16213 

2830 

284^ 

2850 

6175.1 

a 

16189 

2854 

2867 

2874^ 

6182.1 

a% 

16171 

2872^ 

2885 

2892^ 

6186.0 

% 

16161 

2882 

2895^ 

2902 

6I97.9 

a 

16129 

2914 

2927^ 

2934 

6201.0 

a 

16121 

2922"^ 

2935 

2942 

624r^ 

0 

16017 

3026 

3039 

3046^ 

6250.0 

71 

15995 

3048^ 

3O6I 

3068^ 

6257.8 

0 

15975 

3068^ 

3081 

^088 


ITote. Superscripts indicate sets of matching numbers 
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Out of three levels, the 2771 is chosen to he 
dropped^ as the two lines which givt. this coincidence 6136 . 5 A 

and 61435A can be alternatively assigned, the former as a 

5 7 

transition from Dq to tiie component r2,2 of T ‘2 and the 

—1 

latter as a transition from Dl ,3 to the 2790 cm ( or B^) 
level determined from the group. Out of the two 

coincidences of the A^, type at 2873 and 2894 obtained 
only from the group, the 2894 is retained^ as dropping 

that Would leave the 6186. ol line unassigned. In conclusion, 
the splitting of is 1*4, 1-2614 cm"^ ^®1^» P 4 , 2-2788 cm”*^ 

(A^^ or B^)j , P4, 3-2847 cm"^ (k^ or I'4, 4-2852 (A2)j 

I'4, 5-2873 cm"^ (B^)? P4, 6-2894 cm“^ (k^) i I’4, 7-2926 cm'^CBg); 
F4, 8-3047 cm”^ (A^ or B^) and P4, 9-3068 cm“^ (A2)* Bigure 
3.13 summarizes all the transitions observed terminating 
in 

The line at 6123. 5A which is not assigned to any of the 

c 

Bl- 1'4 transitions is probably due to a transition from Dq 
to 1 * 2, 1 (964 cm"^). 

A group of three well polarized ED induced lines is 
observed around 5920A in the spectrum excited with the 
4580A radiation. This is shown in figure 3.5 along '*rith 
the ^his is the expected region of the P 2~^4 

group but none of these lines can be understood as due to 
transitions between the Bg and the Stark components of 
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determined above. They are quite far off ( 2900 cm“^ ) 

from the laser line to be thought of as Raman lines (their 
intensity also does not show any dependance on the polari- 
zation of the incident laser light). They do not also check 
with the expected positions of electronic Raman lines of 
wither Eu^”*" or Pr^"^ nor with any fluorescence oi Pr^'*’:LaP^« 
These arc loft unassigned. 

7 

3.3.7 Pluorescence terminating in 

Figures 3.14 and 3.15 illustrate ^2“^5 

of lines. The between 6480 and 6700A is very weak 

(the polarized spectra being more so) resulting in very ina- 
ccurate wavelength measurements. The ^ 2 ”"^5 "t^etween 

5600 and 5730l does not suffer from this problem but the 
analysis is hampered by a multitude of coincedences ( in the 
difference matrix) and occurrence of several partially pola- 
rized lines. From this group it could be determined that the 
Stark components of '^F^ occur between 3700 and 4100 cm~^. 

Using these numbers the first four lines of the previous 
group (that is the one around 6600A) are assigned as to be 
due to transitions. 



Excitation 5i45A, 400mw 


Cl. 

o 

in 


-£1 E 
c 
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a 

O) 

c 

0 

cr. 



£*06 V3 
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Table 3 .II 





■ 54 . 

The energy levels of Eu j 

LaP^ 

3 





(0 to 22,000 om“'') 




su 

Stiijrlc lovel 
Designation 

Energy csi’'^ 

Species 
(under G^) 

Centre of ^ 
gravxts?- cm"" 

\ 

PO 

0 





El,! 

313 

As 



\ 

P 1,2 

375 



368 

FI ,3 

415 

^2 



\ 

P 2,1 

964 





P2,2 

997 



1020* 


P2,3 

1098 

=2 



\ 

F3,1 

F3,2 

1843 

1867 



1898"^ 


F3,3 

1884 

^2 




F3,4 

1889 





5’3,5 

1908 

^2 




F3,6 

1996 

=2 



\ 

F4,1 

2614 





F4,2 

2788 


or 5^ 



F4,3 

2847 


or 



F4,4 

2852 

^2 




F4,5 

2873 

=2 


2879 


F4,6 

2894 





P4,7 

2926 

^2 




F4,8 

3047 


or 



F4,9 

3 O 68 



\ 


5700-4100 




\ 


Not observed 






Table 3.11 (contd.) 


su 

Stark level 
DeBlgcusrition 

Energy cni“^ 

Species 
(under G^) 

Centre of 
gravity cm"' 


DO 

17293 




D 1,1 

19043.4 

^2 



D 1,2 

19056 .0 

®2 

19054 


D 1,3 

19062.8 



% 

D 2,1 

21507.4 

®1 



D 2,2 

21512.3 




D 2,3 

21532.0 

®2 

21532 


D 2,4 

21541 




D 2,5 

21565 




Average of the three observed levels 


+ 


Average of the six observed levels 
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Table 5»11 lists the determined Stark levels and 
their symmetry species under ^ 2 ^* v/hole, the assu- 

mption of symmetry for the rare earth site seems to be 
fairly valid. iHmost all the lines and their polarizations 
are satisfactorily accounted for under this framework. 
Better assignments of the partially polanzecl lines and the 
multiply assigned lines can probably be done only with an 
order of magnitude improvement in the resolution and v/ave- 
length accuracy. This is necessary also to improve- the 
assignments of the lines whose wavelength separations are 
of the same order as the present inaccuracy. Infrared 
absorption data when available, would of course be very 
useful for the assignments. 
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CHAPTER 4 

OPTICAL /lBSORPTION AHL 
FLUORESCENCE SPECTRA OF Hd^’‘':LaE^ 

ABSTRACT 

Tlie optical absorption Bpectrum of 27oNd'^LaE^ Has been 

observed in the region 0.25 to 0.9 microns whereas published 

data IS available in the range 0,4 to 5 microns. Five groups 

of lines are observed in the ultraviolet absorption spectrum 

(2500~4000l) . The SLJ level dcsignaxions could be assigned 

to the concerned levels of four of these gr-'ups by comparison 

3 + 

with the spectrum reported fer Nd ;La01^. The absorption 
spectrum in the region 4000-9000iL conforms \/ith earlier data 
but for the observation of few shorp extra lines. These 
extra lines are assigned to be vibronic transitions. 
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At LNT^ excitation with, the 5145A (19,1-31 cm'^ ) emmi- 

® *■ 

ssion of the Ar'*’ laser produced fluf.rescence from the E 
(19,300 cm”^), D (17,450 cm”^) and R (11,600 cm'^) levels as 
well as some other fluorescence lines whose intensity was 
proportional to p * ' where P is the incident laser power. 

These are identified as arising from the K (26,400 cm~^) and 
I) (28,350 cm"^) levels of the This assignment is 

confirmed hy the fluorescence obtained with Ug laser excita- 
tion (3371A) which contained transitions from the K and L 
levels to several lower levels and also from R to the ground 
state. A sequential two step excitation process is proposed 
to explain the population of these two high lying levels when 
excited with the 19,430 cm”^ radiation. 

Three lines of the R-Z group showed significant self 
absorption. The simple geometry of laser excitation permitted 
an accurate calculation of oscillator strengths of these 
transitions using this effect. 

»•> 

With the 5145A excitation, fluorescence from S and A 
levels also is observed at room temperature beside the fluore- 
scence observed at LUT. The intensity of these two transitions 
increases with temperature above RT. This is explained as due 
to an anamolous increase in the populations of S and A levels 
by an ion pair relaxation process active at high temperatures. 

Several lines, in absorption as well as fluorescence 
are partially polarized, contrary to the expected behaviour 
of Kramers' ions in orthorhombic sites. Some possible expla- 
nations are offered for this behaviour. 
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4.1 Introduction 

Studies on the absorption and fluorescence spectra of 

Nd^"^ ion in various lattices have been carried out hy several 

workers^”'^. Satten’ s^ work on the absorption spectrum of 

Nd(BrO,),,9H20 and that of Dieke and Carlson^ on the absorption 

and fluorescence spectra of Nd:Iia01|j firm!]j.y establi^ed the 

identity of several levels below 30 » 000 cm Aggarwal et.al^ 

3+ 

extended the absorption measurements in Nd"^ :Iia01^ upto 
1 

40,000 cm , In , their analysis, Carlson and Bieke used free 

5 

ion energies and wavefunctions calculated by Wybourne and 
Carlson and Orosswhite neglecting configuration interaction. 

7 

Configuration interaction was later included by Rajnak' to 

improve the agreement between theoretical and experimental 

results for M^'^:Ia01«. A calculation made by Orosswhite et.al® 

5 
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including various magnetic interactions nam::.ly spin-spin, 
spin-other orbit etc. beside configuration interaction^ re- 
produced the observed energy levels in LaOl^ with an R.M.S. 
deviation of 9.5 cm~^. The energy levels are shown in 
figure 4 . 1 . 

Q 

Wong et.al were the first to report the absorption 
'5+ 

spectrum of Wd'^ :LgLB'^. By studying the spectrum in the range 
5000 to 8600l at liquid helium and liquid nitrogen temperatures, 
they established the first excited Stark component of the 

level to be at 44 cm~^. Complete crystal field 
splittings of most of the levels in this region (5000 to 8600A) 
were also obtained. They noticed however that several lines 
in the spectrum are polarized, contrary to the expected 
behaviour of a Kramers ion under an orthorhombic field (chapter 
3). They opined that this could be due either to a coupling 
of neighbouring Nd ions or to a hidden selection rule, Caspers 
et.al^® (hereafter referred to as CRB'> erterded the absori^ion 
study to cover the region 0.4}J. to jyL. They also observed 
infrared fluorescence due to tronsi tiCxxS betvfccn the ^^ 5 / 2 ( 8 ) 
level at 11,600 cm”^ and the various levels of the ground 
multiplet Brom this they could deduce the Staxk splitting 

of the state as 0 , 45 1 156, 29 6 and 500 cm ^ (labelled 

to Z^). Using the centres of gravity of eight levels 

^^^9/2, 11/2, 13/2 » ^^3/2, 9/2' ^^7/2, 9/2 ^^1/2^ 
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fig, 4,1 free ion energy levels of rare earth ions 
(from Dieke, ref. 2), 
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wMch. total Stark splitting is thus established, they calcu- 
lated the intermediate coupling parame-cros applicable to 
lTd:IaI’^ by a variational method given oy wong . The splitting 

of the ^Ii5/2 which was not completely observed by them 

12 

was later reported by Voronko et.al from infrared absorption 
data « 

An early investigation of the absorption spectrum of 

13 

NdP^, which is isomorphous with laP^, is due to Chow . Using 

Zeeman effect he was able to identify several weak lines in 

the spectrum as vibronic lines. The electronic level positions 

(of Nd^"^ ion) identified by him are in agreement with those 

determined later^**^^ in NdjLaE^. 

3 

3+ 

In this work the absorption studies on Nd-^ iLaP^ are 

_1 

extended upto 40,000 cm resulting in the identification of 
four levels in the region 28,000 - 40,000 cm- Using laser 
excitations fluorescence is obtained in ultraviolet and 
visible regions also beside the infrarod that is earlier 
reported. The analysis of this spectrum resulted in a better 
determination of the Stark components of several levels below 
13,000 cm"^, as v/ell as identification of the 
level at 26,400 cm”^ which is not observed in the absorption 
spectrum. The fluorescence spectrum also revealed a two 
photon absorption mechanism (under laser excitation) and two 
ion pair relaxation processes active at high temperatures. 
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Self absorption shown by some of the lines is used to calcu- 
late the oscillator strengths of the transitions involved. 

4.2 ghe Optical Absorption Spectrum at LHl 

The single crystal of laP^ doped with 2V M was also 
purchased from Optovac Co. and loaned to us by Professor H.P, 
Broida. This crystal also was a slab of 10 x 7 x 4 mm^ size 
with the c'axis perpendicular to the broadest face. The axis 
is checked by viewing under a polarization microscope as well 
as by X-ray Baue pattern. A small piece of this crystal is 
cut for use in the EPR experiment. The remaining piece was 
repolished and used for the optical work. 

The ultraviolet absorption spectrum'^(2000 to 4000i) 
which is not so far reported, consists of five groups of lines 
between 2500 and 3600A. There are several strong overabsorbed 
lines, as well as some v/eak lines in the spectrum. Most of the 
weak lines are seen to occur at en orgies lower by about 45 and 
135 cm"^ from neighbouring strong lines. It is likely that 
these are due to transitions from the first two excited Stark 
levels (Zg an^ 2^) of the ground state at those energies. 

Table 4.1 lists the observed absorption lines and the transi- 
tion aap^gnments made with this assumption. It is necessary 
however to record* the spectrum at liquid helium temperature 
to iconfirm tliese assignments. The Stark levels thus determined 


+ 


Tills is shown in figure 4.2. 
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Table 4*1 


The Ultraviolet absorption spectrum of 



LaPj 


at liqtiid nitrogen tempexaVLiZc 


Line 

Wavelength 

0 

A 

Energy 

-1 

cm 


Transition 

SIJ 


5553.2 

28294 

0 

V ^2 


^2 

5527.6 

28339 

0 



h 

3523.7 

28571 

0 



h 

3504.7 

28524 

w,sh 




5502.2 

28544 

w,sh 



h 

3468.4 

28823 

vw 

bS 


"7 

3455.8 

28928 

0 

^ 2 ~^B 


^8 

5450.8 

28970 

0 



S 

5599.9 

29404 

vw, sh 

^ 2"^10 


Si 

5585.0 

29551 





3319.9 

50112 





5510,0 

50202 



h 

13/2 

-3 

3505.4 

30,244 




^1 

2978.4 

33565 

w,d 




2974.4 

53610 

w,sh 


S /2 

% 

2971 .6 

33642 

w,sh 



®1 

2907.2 

54587 



^11/2 

^'l 

2536.6 

59411 

vw,sh 


^ 5/2 


Oveyabsorbed. line centre located from densitaaeter trace 
Wjvivr woiite, verj weak, ^ , shairp, d diffDSe. 
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0 


are listed in jDalle 4.2 alongwitli the other levels determined 

from the present fluorescence data. The alphabetical (A-Z) 

nomenclature used in the table is the sajue as used by Dieke 
2 

and co-workers . Sable 4.1 also lists the SLJ designations 

of these various levels, made by a comparison of the spectriim 

o a A 

With that obtained in laCl^ . Most levels in tlJe region 

are well seperated from each other and a reliable one to one 
comparison is possible except for the 1 group (28,000 - 30,000 
cm”"^) where several close lying levels are expected to occur. 

The absorption spectrum recorded in the region 4000 - 

O 

9000A consists for the most part of severely overabsorbed 
lines on which no accurate wavelength measurements are possible. 
The spectrum however is in substantial agreement with that 
reported in the two earlier publications^ but for the 
presence of some extra lines. 

The region of the spectrum where the ext 5 *a lines are 
found, 4200 - 580ol is shown in figures 4.3 and 4.4. There is 
a group of faint lines around 4600A (figure 4.3) which are too 
weak to be measured on either the Abbe comparator or the 
microdensitometer. These may be due to the 
predicted^*^ to occur at 21700 cm~^. The sharp line at 46961 

(21,288 cm”^) occuring within the G group (figure 4.3) may be 

* 2 
a missing Stark component of either of the two levels ^ 5/2 

2 

and ^g /2 constituting this group. Out of the 13 expected 

Q in 

Stark levels only 8 are reported so far^» . 



Table 4,2 
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The energy levels of Nd^sLaP, 





S2 

4 § 

45 

b 

139 

136 


291 

296 


500 

500 


1984 

1978 

'^2 

2042 

2037 


2073 

2068 

^4 

2095 

2091 

% 

2190 

2187 


2225 

2223 

3t, 

5921 

3919 

’'2 

3982 

3979 

"3 

4039 

4039 

^4 

4078 

4078 

"5 

4121 

4120 


4206 - 

4213 


4279 

4278 
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Table 4,2 (contd.) 



" \'ili 


E %/2 

® %/2 

^ 9/2 



5816 

5817 

5878 

5876 

5990 

5989 

6140 

6142 

6171 

6175 

6316 

6320 

6447 

6448 

6552 

6551 


11592 


11634 

12596 

12596 

12615 

12615 

12622 

12621 

12676 

12675 

12694 

12695 

12753 

12755 

12842 



12904 



Table 4,2 (contd.) 


SLJ 


Staric level current earlier 

designation values'^ values 


^5/2’ ^7/2 





■V2 


A. 


A. 


A, 


A. 


B. 


B, 


B, 


"5 


C/ 

4 


D. 


B, 




13515 

15591 

13671 

13677 

13710 

13714 

14835 

14860 

14891 

14927 

14958 

15998 

16053 

16045 

16059 

16103 

17504 

17515 

17564 

17512 
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Table 4.2 (oontd.) 


E 


P 


G 


SLJ 


Stark level ctu^ent earlier 

designation values"*’ values 


® 7/2 





^5 


17520 

^6 


17570 

^7 


17601 


19149 

19147 

'^2 

19238 

19235 


19255 

19251 


19322 , 

19323 

*■1 

19568^ 

19568 

^2 

19612 

19617 

*■5 

19650 

19651 


19679 

19685 


19704 

19702 


19739 

19759 



19801 

''8 

19831 

19859 


21156® 

21158 

‘'a 

21176 

21 176 

“5 

21202 

21201 

4 

21232 

21254 


21252 

21254 
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Table 4,2 (contd.) 



SLJ 

Starfe level 

current 

earlier 



designation 

values’*" 

values 



% 


2I502 



^7 

21545 

21359 




21556 

21 351 

I 

S/2 


25470® 

25468 


S/2 

^2 


23991 

K 


■■'1 

26564 




^2 

26404 


L 


^2 

28559® 




"5 

28570 




^4 

28524 




"5 

28544 




^8 

28970 




^0 

29551 


M 

1 2,, 

\ ; 


50111® 





5024+ 


Q 

V2 


35610® 




% 

35642 


R 

^11/2 


34587® 


U 


’^1 

39411® 



The grotgjs of levels marhed >a* aa:e detenained trm tile abscsrpticaa 
spectrm, ill other levels are deteimined frota fluorescence. 

!Sie group of levels (w) marked *12* are from reference 12. ill 
ethers frcct reference 10, 
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The lines marked *Y* are proha'bly vihronic in origin 
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Ihe remaining four extra lines at 42641 (23445 cm ^)5 

5218. 8i (19,156 cm”^); 5750 cm"^ (17,386 cm“^) and 5754.01 

(17,374 cm~^) are liowever of a different kind. These occur 

within the I,E and D groups respectively. Ill the expected 

numbers of Stark components of the SIJ levels constituting 

these groups are already observed. So these are not missing 

3+ 

Stark components. 1 possibility is that they belong to Nd 

which (somehow) experience a slightly different crystal field 

3+ 

than the rest. The EPR spectrum of Nd in the crystal 

(chapter 5) however did not show any lines attributable to 

such centres. Another possibility is that they are vibronic 

lines. The 25 cm"^ separation of the 42641 line from the 

neighbouring 4259.51 line of i’2./2 ^®^Sle Stark level expected) 

is quite close to the phonon frequency of 26 cm'^observed by 

Yen, Scott and Shawlow^^ in the fluorescence spectrum of Pr^'^tlaP.r. 
’ 3 

The other 3 lines however occur in regions where there are 
several Stark levels close by and it is not possible to tell 
the possible phonon energy associated with those lines. Thus 
for lack of any other explanation, thjse four extra lines are 
thought of as vibronic in origin. 

Most of the lines observed (including the extra lines) 
are polarized, and the present observations tally with earlier 
observations of Wong et.al^ in the region where the two studies 
overlap (5000 - 87001). lines due to a Kramers* ion like Id^ 
experiencing orthorhombic crystal fields are not expected to 
be polarized (chapter 3). !Hiis point is discussed in a 
greater detail in section 4.7. ' ' 
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4»3 Ihe Fluorescence Spectrum at LN'l 

3 + 

The fluorescence spectrum of Kd :LaP^ observed here 

0 

extends all the way from 3500 to 9100A. Figures 4.5 and 4.6 
illustrate the plates taken V7ith Nitrogen laser (3371A; 29656 
cm""^) excitation and figures 4.7 through 4.15 the fluorescence 

O 

obtained with the Argon ion laser (5145A; 19,431 cm ) 
excitation. The numbers marked in the figures are wavelengths 
in A. In the various studies made on Nd"^ doped in various 
lattices'^'’ so far, only the infrared fluorescence due to the 
R level , 11 ,600 cm*"^) is reported, with the single 

exception of LaCl^ where fluorescence was observed from 
several levels below 28,000 cm"^. In fact, with the Ar"*" laser 
excitation, some initial recordings made here using the cooled 
7102 photomultiplier tube showed only the R~Z (8600-9100A) 
fluorescence with adequate intensity. The visible fluorescence 
is recorded with such a poor signal to noise ratio that its 
existence could be just detocted. CRB^® who used a hi^ 
pressure mercury arc for excitation and the cooled 7102 tube 
for detection, might well 21 c t found it as the fluorescence 

obtainable with conventional sources would be usually weaker 
than with a laser source. 

O T 

The 5145A (19,431 cm ) radiation available from the 
Ar"^ laser excites Nd ions primarly into the S levels (figure 
4.1). The 5017A (19,927 cm”^), 4965A (20,135 cm*^), 4880A 
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4518.0 

4503.5 

4486.0 
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4435.3 

4358.0 

4142.0 

4136.0 
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4066*8 

3887.8 

3866.0 

3823.5 
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3801.6 

3797.7 
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3788.3 
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3650.0 

3592.8 
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3571.0 




o 


o 


o 


m 

1 


1 

O 


o 




tA 



• 

M 

a 

3 

o 


•H 

c- 

P 



■p 

P 


•H 


O 

V 


o 

« 



V S3<4 

O 

H 

CO 


« 

tA 

J4 

JA 

o 



rd 

rH 

P 


•H 






'CJ 


d 

• • 

•H 

4* 

d 

tA 

P 

'd 

P 

S2i 

O 


lA 

. 

•rl 


loui? weak lines at 4866.25, 4907.9, 4985.7 and 5019. ol 
could not be reproduced in print and hence not shown here. 
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Pig. 4.6 ia^''':l,al^ fluorescence at 77^, 6000- 

90001} obtained with 33711 excitation. 
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(20,486 cin"”^)and 4765A (20,980 cm""^) all woiild populate the 

F level hut very likely, ions m P v/o”.ld decay uon~radiatively 

to the E which is only 250 cm""^ helov/ \u ^chapter l). No 

fluorescence is in fact observed from tins level. The three 

shortest wavelengths available frou this laser, namely 4727A 

(21,149 cm"^), 46581 (21,462 cm""^) and /^580A (21,832 cm"^) 

can be expected to yield fluorescence from the & levels. 

However in the present case, use of any excitation of shorter 

wavelength than 47651 at INT and 4880A at RT resulted in very 

strong fluorescence from the ^Pq level^^ of Pr^"^ (which is 

present in the crystal in small quantities as an unintentional 

codopant) , This completely masked the Nd^"^ fluorescence which 

IS much weaker. The presence of Pr"^ is detected as in the 

earlier case (chapter 3, Eu^’^'slaPj) by comparison with the 

3+ 

fluorescence spectrum of Pr :LaE^ recorded by P. Venkateswarlu 
at Santa Barbara. All of the present work is thus carried 
out using the 51451 excitation as the intensity of fluorescence 
obtained with this is one or two orders of magnitude larger 
than with the other excitations and does not contain any 
interfering lines. 

The spectrum obtained (51451 excitation) is presented 
in figures 4.7 through 4.15 and contains nine groups of lines. 
Pour of these groups present in charts recorded here as well 
at Santa Barbara, are easily identified as due to (E-Z), (E~Y), 
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Table 4*3 


3 + 

The fluorescence spectrum of Nd sLaF, at LIT! 

® \ * 

obtained with 5145A (Ar ) excitation 


Wavelength 

(^) 

Energy 

(cm"'') 

Polarization 

O' Tt 

Transition 

Assignment 

5169.0 

19341 



Raman 

* 





5174.0 

19322 

w 

w 

4 1 

5183.0 

19288 

w 

w 

Raman 

5188.0 

19270 

w 

w 

Raman 

5192.0 

19255 

w 

w 


5196 .6 

19238 

w 

w 

®2 ■“ '^l 

5205.0 

19207 

w 

w 

®5 “ ^2 

5208.6 

19194 

w 

w 

Eg — Zg 

5220.7 

19149 

3.7 

5.7 


5252.2 

19107 

10,0 

5.0 

~ ^2 

5242.6 

19069 



Raman 

5249.5 

19044 



Raman 

5259.0 

19009 

3.0 

12,0 


5276.5 

18947 

0.5 

0.5 


5301 .6 

18857 

5.0 

9.5 

® 1-^4 

5335.5 

18757 

0.9 

4 r 0 

E2-Z5 

5562.2 

18644 

1.0 

3.0 

®1 ~*5 



Table 4*5 (oontinued) 


Wavelength 

Energy 

Polarization 

Transition 

(A) 

(ein“^ ) 

cr 

u 

Assignment 

5758.0 

17362 

0.6 



5774.3 

17313 


5.3 


5778.0 

17302 

6.2 

5.6 

“ 1-"1 

5789-1 

17269 


7.8 

\ — ^2 

5791 .0 

17263 

5.4 

12.0 

Dl - 1 

1 

5808.1 

17212 

2.3 

3.1 

i 

E3- Yg 

5813.6 

17196 

4.1 

4.4 

1 

CM 

5820.2 

17177 

w 



5824.2 

17165 

9.6 

4.4 

^1 - " 3 - ’ 

5831.5 

17145 

w 

w 

® 2— ^^4 

5843.2 

17109 

12.6 

2.0 


5854.5 

17076 

5.4 

5.7 

B, -Y, 

5861 .3 

17056 

3.5 

J .7 

® 1-"4 

5875.5 

17016 

1*8 

2.5 

- Yg, I 

5894.3 

16961 

5.4 

3.0 

J 

B^- Y5 

5907.0 

16924 

2.9 

7.0 

-^6 

5949.0 

I68O5 

1.9 

5.0 

B^-Zj 

5957.T 

16780 

2.4 

5.0 

L,-B, 

5971 .8 

I 674 t 

5.3 

5.0 

L, - Hj, 1 

5983.9 

16707 

5.1 

8.5 

^2 ^ 
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Table 4*3 (continued) 


Wavelength 

(A) 

Energy 

) 

Polarization 

a 7 t 

Transition 

Assignment 

6357.5 

15775 

4.3 

0.8 

I3-S, 

6348.3 

15748 

4.2 

6.0 

h ~~ ® 2 ’ ^3 ® 3 ’ 

6357.0 

15726 

3.0 

6.5 

"2“S2 

636c .0 

15719 

2.5 

7.1 

\ ®3 

6371 .0 

15692 

0.6 

5.5 

^ 5-^4 

6377.8 

15675 

0.3 

0.5 

"5 -"5 

6382.6 

15663 

1.4 

0.3 

^2 ®4 

6388,7 

15648 

1.7 

3.6 

12-85 

6401 .2 

1561 8 

0.6 

0.5 


6414.6 

15585 

0,8 

2.5 

^ 2~®6 

6437.9 

15529 

0.5 

0.3 

^3 ®7 

6450.2 

15499 

0.2 

0.5 

^2 ®7 

6464.3 

15465 


0.1 


6476 .3 

15437 

0.5 

0.5 

^ 2-^8 

6488.9 

1540 / 

1.0 

0.5 

® 4 ~''l 

6498.2 

15385 

1 .6 

0.8 


6519.8 

15554 

7.1 

1.5 


6526 .8 

15317 

5.1 

0.6 

E2-X1 

6558.0 

15291 


2.5 

^ 4-^5 

6544.1 

15277 

3.7 

6.8 

E -X2 
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Table 4 *3 (continued) 


Wavelength 

Energy 

Polarization 

Transition 


0 

(A) 


a 

Tt 

Assignment 


6548.4 

15267 

w 


*? 


6552.3 

15258 


8.0 

Eg — Xg 


6557.4 

15246 


4.2 



6564.4 

15229 

3.5 

■w 

Ei~X^ 


6572.0 

15212 

2.5 

8,0 



6578,3 

15197 

1.8 

5.0 

lU 

ro 

1 


6590.8 

15168 

5.5 

9.0 

Ei-Xg 


66 08 .6 

15128 

3.6 


=3-3=5 


6614.6 

15114 

4.5 


B2-X5 


6634.1 

15069 

2.4 

0.8 



6652.0 

15029 

2.8 

1.8 



6676,0 

14975 


w 



6691 .0 

14941 

1.0 




6721 .9 

14873 

0.5 

0.5 



6730.0 

14855 

0.6 

2.9 

^3 ■^i 


6744.7 

14822 

4.5 

1.5 

7^2 ““ 


6765.1 

14778 

0.4 

0.3 

CM 

1 


6779.1 

14747 

2.0 

12.0 

1>2 Ag 


68O3.O 

14695 

0.4 

0.7 

^3 ’^3* ^3 

A^ 

6821 .6 

14655 

5.2 

6.5 

^3 h 


6835*5 

14625 

12.5 

9.5 

^2 H* S 


6860.0 

14573 

w 

W - 

9 



14556 w 


6868.0 


0.5 


•f 
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Tatle 4 •3 (continued) 


Wavelength 

Energy 

Polarization 

Transition 

0 

(A) 

(cm 

a 

n 

Assignment 

7240.1 

13808 

0.6 

4.2 

^2 1 

7246.4 

13796 

2.8 

2.8 

^ 2~®2 

7260.4 

13769 

1.6 

1.5 

Ki -S^ 

7269.9 

13751 

8.4 

5.1 

Ki -S2 

7273.4 

13745 


w 


7294.0 

15706 


w 

Eg-S^ 

7302.0 

13691 

2.5 

1.3 

^1 --^4 

7312.1 

13672 

0.4 


S -"5 

7322.1 

13653 


1.5 

K2 — S 6 

7345.8 

13609 

1.3 

0.6 

^ 1-^6 

7371 .1 

13563 

0,4 

0.7 

Kg — 

7385*7 

13536 

1.4 

3.8 

I — B 

2 5 

7394.0 

13521 

w 

w 

Ki — Sj 

7402.3 

13505 

3.9 

3.0 

^2 - ' S -■ 

7417.9 

13477 

6.0 

11.0 

L, B—i L— B 

5 3 2 ! 

7427.0 

13461 

w 

w 

^ 1-^8 

7434.7 

13447 

3.0 

6.5 

~ Xi^ "" 

7454.9 

13410 

2.9 

5.8 

7471 .9 

13380 

2.6 

2.8 

Lg B^ 

7496.6 

13336 

1.2 

2.5 

? 

7502.0 

13326 

1.0 

2.5 

9 

7531.0 

13275 

1.1 

1.9 

? 
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Table 4 •3 (continued) 


Wavelength 

(I) 

Energy 

Polarization 

cr % 

Transition 

Assignment 

8593.8 

11633 

11.2 

2.6 

^2 


8624.8 

11591 

14.4 

17.0 


, Eg Zg 

8637.5 

11574 

w 

w 

^2 

— (v) 

8656.0 

11549 

4.0 

8.2 

«1 

■^22 

8663.3 

11540 

w 

w 

^2 

— Bg (’), 

8696 .0 

11496 

1.0 

1.8 


(.■>) 

8729.0 

11453 

1.7 

0.6 



881 3.0 

11344 


1 .1 

R2 

-h 

8846 .0 

11301 

0.4 

0,2 


-"4 

8978.0 

11135 


0.3 

^2 

-25 

9013.0 

11092 

0.4 

0.3 

^1 

-4 


Wavelengths and intensities of the lines of E-Z group 
are from recordings made at Santa Barbara. 


Line weak Intensity not measurable either due to 
poor S/N or overlap. 
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for larger distances (see section 4.5). lliis is evident 
from figures 4.8 and 4.9. 

The remaining four groups of lines (figures 4.10,12, 

13,14) could not however he identified ttax easily. Again 

these are recorded here by the autho'r' c'n]y. They are not 

present in the charts recorded at Santa Barbara. At the first 
>/> ' 

instance it is thought that they arc due to some unusually 
strong spontaneous emmission from the Ar"*" laser used‘s. Such 
spurious emmission as may be present is sought to be eliminated 
by the introduction of a band pass filter (Corning No. O.S, 
4-97) and later a 0.25 m grating monochromator ( Jarrell-Ash) 
in the laser beam. This resulted only in a decrease in their 
relative intensity in comparison with the other groups (E-X 
for example). Thus the laser as the origin is ruled out. 

The above observation however prompted a study of the variation 
of the intensity with power. Figure 4.16 is a plot of the 

O 

variation on a log-log scale for two of the lines 5973. 5A and 

7270 . OA. These plots show I a This means that the 

fluorescence is originating in levels that are probably popu- 
lated by a two photon absorption (this is discussed more fully 

in section 4.4). A search made among the higher energy levels 
3+ 

of Nd consequently lead to the identification of the levels 

at 28,339 and 28371 cm*”^ (Bg and Table 4.1) as the origi- 

nating levels for three of these groups. These are L-S, 

3+ 

It is checked and found that they cannot be due to Pr iiaP^ 


9 
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h-A and L-B transitions. Also the three lines found on the 
high wavelength side of the E-Y transition (not found in 
Santa Barbara recordings) are identified as 1-R transitions. 


The group identified as due to che 1-S transitions; 
633 O- 6480 I, (figure 4.10) actually contains four more lines 
than can he accounted for hy the transitions to the six Stark 
components of this group determined so far. The tv/o levels 
^^^2* ^^ 9/2 make up this group must split however into 

eight Stark components. The extra four lines can he adequa- 
tely accounted for if they are understood to he the transitions 
from L 2 and to two more Stark components at 12841 and 

12904 cm”^. 

O 0 

The remaining group between 7240A and 7370A (figure 

4.13) however could not he explained as originating in any of 

3+ 

the levels of Nd"^ that are determined from the absorption 
spectrum (present as well as earlier work). A procedure 

3 + 

similar to the c-io adopted to loca'ce tht lower levels of Eu*'^ 
(chapter 3 ) is therefore used to find the upper levels. It 
IS however a matrix of the 'sums' of the energies of the 
possible lower levels and tl^e observed fluorescence lines that is 
made in this case. A consi^t^tly repeating number in this 
matrix is a possible upper energy level. Table 4.4 shows 
such a matrix constructed taking the S group of Stark levels 
as lower levels. The first column of the table lists the 
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Table 4,4 

O 

The ’Sm* matrix for the 'JZOOk group of fluorescence 
lines and the ‘S* group of Stark levels 


Observed 

lines 

=1 

12596 

®2 

12613 

12621 

12675 

S5 

12693 

^6 

12755 

(®7 
, 12841 

®8 

12904 

15808 

26404"* 

t 

264173 

26429 

264^83 

26501 

26563 

26649 

26712 

795 

391 

408** 

416 

470 

488 

550 

636 

699 

769 

365^ 

382 

390 

434 

462 

524 

610 

673 

751 

347 

364^ 

372 

426 

444 

506 

592 

655 

744'' 


357 

365^ 

419 

457 

499 

585 

648 

7O6 


319 

327 

581 

399'' 

461 

547 

610 

691 


304 

312 

566^ 


446 

532 

595 

672 


285 

293 

346 

565^ 

327 

513 

576 

653 



274 

525 

546 

408"* 

494 

557 

609 



230 

284 

302 

364^ 

450 

513 

562- 



183 

237 

255 

317 

403"* 

466 

'52b]' 

L 



141 

195 

213 

275 

. 36tu' 

424 

460 



081 

135 

153 

215 

501 

364^ 


Note* The superscripts indicate sets of matching numbers. 
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energzes in guT^ of the observed transibions. The first row has 
the energies of the Stark manifold S. The repet tion of the 
two numbers 26404 + 4) and 26365 + 1 cm"'^ is quite convincing 
and are thus taken to be the positions of the upper levels 
responsible for this flur-resGence"^ , Those Stark levels most 

p 

likely belong to the isolated (P,D )^^2 level expected in this 
region (figure 4.1). Other such sum tables made using various 
other levels below 24,000 cm~^ as lov/er levels did not produce 
any consistant upper level positions. This group is thus 
assigned as due to the Z — S transitions. It may be noted 
here that the transitions to the 12841 and 12904 cm“^ levels 
of S are observed in this group also, confirming the earlier 
supposition. 

Confirmatory evidence for these assignments is obtained 
from the fluorescence obtained with the nitrogen laser exci- 
tation shown in figures 4.5 and 4.6. The spectrum contains 

O 

many groups of lines all the way from 3500 to 9000A. Table 
4.5 lists the observed lines and their assignments. Transi- 
tions from Ig nine lower levels (Z,y ,X,W. . .0) of 

Nd are identified in these plates, '^s well as transitions 
to the Y,X,W and S levels from the K level v/hcse position is 
derived from the Ar*** laser excited fluorescence. Because of 
the small dispersion available in the spectrographs used 
(Q24, three prism, chapter 2) the wavelengths measured are 


The author has found two isolated lip.es at 26,311 and 
26,356 om*"^ in the absorption spectrum of NdP^, the 
study of which is not yet complete* 
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Tatle 4 *5 


The fluorescence spectrum of Wd^'*’sLai’_ at LFT 

0 5 

obtained with 3371^ (^2 Isser) ejocitation 


Wavelength 

0 

A 

J 

Enejjgy 

-1 

cm 


Transition 

assignment 

3525.6 

28372 

m sh 


3527.9 

28357 

w sh 


3529.9 

28321 

m sh 


3533.8 

28290 

st sh 

L2-Z2 

3541.5 

28228 

m ah 

1,-^3 

3545.6 

28193 

m ah 


3592.8 

27825 

St d 

? 

3650.0 

27389 

w d 

Hg •? 

3770.4 

26515 

w d 

•? 

3788.5 

26390 

st sh 

L3- Y, 

3793.2 

26355 

m sh 

^2-^1 

3797.7 

26524 

w sh 

^3- ’'z 

3801 .6 

26297 

st sh 

Lg - Yg, Lj - 

3805,8 

26268 

w sh 

^2-^3 

3809.5 

26245 

w sh 

1 

CVJ 

3818.4 

26182 

m d 

1.3 -T5 

3823.5 

26147 

st d 

1,2 - Y^j Lj - 1 
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Table 4*5 (continued) 


Wavelength 

0 

A 

Energy 

-1 

cm 


Transition 

assignment 

5866 .0 

25859 

w d 

? 

5887.8 

25714 

w d 

9 

A 066 .8 

24582 

st d 

9 

4089.6 

24445 

m sh 


4094.2 

24418 

m sh 

Lg - » ^2 

4100.5 

24382 

m sh 

^1 - 

4104.4 

24357 

w sh 

Ig -X2 

4110.2 

243 Z 3 

m sh 

Ei - Y2 

4115.3 

24295 

w sh 

I5 - X^, 

4121 .4 

24257 

st sh 

3 5 

4152 0 

24195 

w sh 

9 

4136 0 

24171 

w sh 

K1-Y5 

4142 0 

24136 

st sh 

^1 ~ ^6 

4358 0 

22940 


Hg 

4435.3 

22540 

w sh 


4437.8 

22527 

>7 sh 


4444.6 

22493 

w d 

h - ^2 

4466 .65 

22582 

m sh 

L3 - W35 

4473.0 

22550 

w sh 

1 

CVl 

4478.6 

22522 

m sh 

^ 2-^4 
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Table 4*5 (contxnued) 


Wavelength 

0 

A 

Energy 


Transition 

assignment 

4486 .0 

22285 

m sh 

^-2 - =^5 

4503.5 

22199 

a d 

^5 " ^ 5 ’ ^2 




^2 

4518.0 

22127 

m d 

Kg - 

4527.6 

22081 

m d 

^1 

4540.2 

22019 

w d 

^2 - \ 

4560.3 

21921 

w d 

b-^7 

4568.3 

21883 

m d 

Lj - 

4581.2 

21822 

w sh 

h-’^e 

4588,2 

21789 

m sh 

^2 -’'a 

4866.25 

20544 

V w 

Ki -Wi 

4907.9 

20370 

V w 

Ki -Wj 

4985.7 

20052 

V V 

>^1 -■^6 

5019.0 

19r9 

V w 


5970.3 

16745 

V w 

13 - Eg. Eg 

5985.9 

16707 

V V 

Lg-Rg 

6010.3 

16634 

st b 


6034.9 

16566 

w sh 


6211.9 

, 16094 

st b 


6326,7 

15802 

V V 
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Tatle 4*5 (continued) 


ITavelength Energy Transition 


d 

A 

-1 

cm 


pssignment 

6337.6 

15775 

w 

I,-S, 

6346.8 

15752 

w b 

^3 ® 2 ’ ^3 “ ® 3 * 





6358.8 

15722 

w sh 

L 2 -S 5 

6369.0 

15697 

w b 

" 3-^4 

6390.5 

15644 

zn sh 

^2 ~ ®5 

6415.7 

15582 

Ti sh 

^ 2 “% 

6744.1 

14824 

V w 

Lg - 

6778.3 

14749 

m d 

h - ^2 

6820.7 

14657 

m d 

^3 “ -^ 5 * ^5 " "^6 

6835.65 

14625 

m d 

^2 ” 'S’ ^2 ■“ S 

7273.0 

15746 

st b 

Kg ~ S2’ ^2 ^3 

7371 .8 

15562 

w sh 

'®7 

7385.9 

13536 

w sh 

Lj-Bj 

7391 .4 

13526 

w sh 

Kj- 

7417.7 

13478 

w sh 

L, - B,, L„ - 5. 

3524 

7435.6 

15445 

w ah 

Lj - Bg* S ‘ ®3 

7454.5 

13411 

w sh 

Lj ~ ; Lg — Bg 

7470.6 

13582 

w sh 

Lg-Bi 
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Table 4 *5 (continued) 


Wavelengrfch 

0 

A 

Energy 

-1 

cm 


Transition 

assignment 

8141 .8 

12279 

V w 


8171.1 

12255 

V w 


8591 .0 

11657 

m b 

Hg-Zi 

8625.9 

11590 

st b 

Rg 

8660.1 

11544 

at b 

®1 - \ 

8697.0 

11495 

m b 

Rg - Z3 

8733.2 

11447 

m b 

Rl - Zj 

9015.1 

11092 

jn b 

R, -Z5 


at 

Strong 

sh 

Sharp 

m 

Moderate 

d 

Diffuse 

•n 

^eak 

vw 

Very weak 
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not very accurate. Also only the strongest of the lines 
observed with Ar laser are recorded in these plates. There 
IS however enough similarity in the groups observed in both 
cases. 

The observation of as many as 19 groups of fluorescence 
lines offers a good opportunity of determining the energies 
of the Stark components of the lower levels with greater 
accuracy. This is particularly relevant for the ground state 
which IS not directly observed in absorption. Tables 4.6 
through 4.10 list these Stark level positions determined from 
the various observed transitions and the average values. 

Por lines observed with the laser as well as Ar"^ laser, the 
values of the lower levels obtained from the latter spectrum 
are written in tb®e tables as they are more accurate. The 
present values are seen to agree with earlier values within 
the experimental uncertainty (+ 5 cm~^). Table 4.2 summarizes 
the data thus obtained about the energy level structure of 
Nd ;IaP^ from its absorption and fluorescence spectra. 
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Tatle 4*6 


Crystal field splitting of 

5+ 


lAz) level of 


^ 5/2' O 

lid *LaF^ from the fluorescence date at LliT 




Upper 



Lower Levels 


Levels 

^1 


23 


% 


c 

42 71 

157 a 

290 a 

499 a 

=2 

a 


137 It 

289 It 

498 71 


71 






71 

44* 7t 

136 a 



“3 

a 






an 

to 

CM 

140 71 

292 a 

505 It 



44* 


291 CJTl 

501 tj 



48* 




^2 


47 

142 



L 




50 

143 



Average 


45 

159 

291 

500 

Heferenoe 10 


45 

136 

296 

500 


^ Almost all lij^es are partially polarized. Only the polarization, in 
Which the line is stronger is given in the table. 

W 

ij^St/^noertain due to overlaps. Hot used for averaging. 
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TaTale 4»7 


Crystal field splittings of level of 

M^sLaP- from the fluoresoence data at L]W 
5 


Upp.^r 



Lower Levels 



Level 


^^2 

^3 

^4 

^5 

^6 



2040 cm 

2073 CJ 

2093 cm 

2188 cy 

222^ ix 



2042 cm 


2095 


2222 CJ 



2042 cm 






1983 

2041 

2072 


2193 

2228 

^2 

1986 






h 

1985 

2042 

2072 

2097 

at 

2195 


L_ 

1982 

2047 

2074^ 


2190 

2225^ 

Average 

1984 

2042 

2073 

2095 

2190 

2225 

Reference 

10 

1978 

2037 

2068 

2091 

2187 

2223 


I 


Almost all lines are partially polonaed . Orly the polarization in 
irtiioh the line is stronger is given in xhe table, 

* 

Uncertain due to overlaps. Fot used for averaging* 
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Table 4*8 


Crystal field splitting of ^25/2 level of 

■5+ * 

iTd sLaFj from the fluorSsceftce data at LI*T 


Lower Levels 


level 


^2 


^4 


^6 



3920 cr 

3981 -re 


4O8O a 

4120 0' 

4208 cy 

4276 07t 


3921 a 

398071 

4041 7t 


4124^ 



^3 

3921 cy 

3978 Tt 

404371 


4127^ 


4280 

'’4 

3915 a 


4031 yt 

4076 

4t25jre 





3982 





4284 

*^2 




4082 

4119 

4205 

4277 

K 

^2 

3921 

5982 






^5 

3926 

5989 


4078 

4115 



Average 

3921 

3982 

4038 

4079 

4121 

4207 

4279 

Reference 

10 

3919 

5979 

4039 

4078 

4120 

4215 

4278 


* 


Almost all lines are partially polarized. Only the polarization in 
which the line is stronger is given in the table. 
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Q?able 4*9 


Crystal field splitting of (w) level of 

Ud JLaF, from the fluorescence data at LKT 
y 


Lower 

levels 


Upper levels 


Average 

Reference Referet 
10 12 


Kg Lg 




5820 

5812 


5816 

5815 

5817 




5879 

5879 

5877 

5876 


5994 

5989 

5989 

5990 

5990 

5989 

’4 


6140* 




6142 

’'5 



6172* 

- 


6 T 73 

^6 

6512 

6320 


6516 


6320 

’7 

6445 


6450 

6448 


6448 



6555 

6549 

6552 


6551 


TTnoertain due to overlaps, iffot used for averaging 
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Table 4«10 


Crystal field splitting of ^^5^*2 » ^q/'’ 

x> * 

levels of Nd"^ :LaF_ from the fluorescence data at LIW 
D 


Upper 

levels 


Lower 

levels 


Average 

Reference 

10 

*=1 


^2 

h 


12595 cut 

12596 % 


125970 

12596 

12596 

^2 

12613 cm 

12609 a 

12615 a 


12615 

12613 

"3 

12620 71 


12620 71 


12622 

12621 

=4 

12673 a 


12676 a 

1260071 : 

12676 

12675 

"5 

12693 a 

12698 71 

12691 Ti 

12696071 

1265, 

12693 


12755 CT 

12751 TC 

12754 

12754 tut 

12753 

12755 


12844 

12842 cue 

12840 It 

12845 °^ 

12842 


^8 

12904 


12903 cfii 

12906 It 

12904 



Almost all lines are partially polarized. Only the 
polarization in -which the line is stronger is given 
in the table. 
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4»4 Jvo-photon atisorption under laser exci t ation 

The intensity (I) of tne K and L fluorescence observed 

with the 5145A (Ar"*" laser) excitation is studied as a function 

of laser pov;er (P) in the range 60 to 700 jnw. The laser is 

used in the ’light control’ mode and the pov/er was stable to 

+ 10 mw throughout. This power range corresponds to a photon 

flux density’^(at the beam waist, see section 2.1) of about 
16 3_7 "^2 “I 

10 -10"^' photons cm"' sec . Pigure 4.16 is a log-log plot 

of I vs P for two representative lines, 5975.31 (L^-Rg) and 
7270. Ol (E 2 “S 2 ). The intensity scale is arbitrary and the 
intensities of the two lines are also not drawn on the same 
scale. The two straight lines have slopes of 1.72 + 0.08 
and 1,75 + 0.03 respectively. That is I a The inten- 

sities of the other lines also show the same behaviour. 

The deviation of this exponent from two is indicative 
of a more complicated process than a straight forward two 
photon absorption to be responsible for populating the 
upper fluorescing levels. This is qualitatively similar to 
the results obtained in other cases (for example reference 
17,18). Reference 17 reports the observation of U.V. and 
visible fluorescence from Nd^‘*‘:LaCl^ when excited with the 
1.06[j, radiation from a Nd;YA13 laser . This was explained 
by them as due to a sequential two step excitation process 
(inset figure 4.16) involving two photon absorption to the 

"** An unfocussed laser beam was used while recording 
the spectrum at Santa Barbara. The much smaller 
(by a factor of 100) flux densities thus achieved 
IS almost certainly the reason for not observing 
these lines in those recordings. 
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E level followed by relaxation to the R level and a subsequent 
two photon absorption to reach the M level. Eluorescence was 
observed from most of the levels between 1 and R (figure 4.1) 
and intensities of all these lines were found to vary as the 
fourth power of the laser power. This fourth power dependence 
for the fluorescence from even the levels lower than E is a 
result of a large efficiency for the four photon process. 

Such large efficiencies are however not always encounlered. 

Depopulation from the intermediate states (eg. by R — Z, 

R — Y decay) cause their populations to vary in a sublinear 

fashion with the laser power and results in a slower rate of 

increase in therQnal level population with the laser power^ 

as IS being observed in the present case. This was observed 

in the several multiphoton processes reported in the fluorescence 

T8 

spectra of rare earth ions doped in . The intensity 

vanes in general, as a polynomial of the n order (for an n 
photon process) in the power P. Portions of the plot were 
seen to be approxima table to a P°^ but m rarely being an integer. 

In view of this^ it can be said that the fluorescence 
from the K and L levels observed with 5145^ excitation is not 
due to a direct two photon absorption bat is a result of a 
more complicated multistep process. One may in general expect 
energy exchange with the Pr^"^ (which is present in the crystal) 
also to be important. Eirm conclusions about the detailed 
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process can be reached only after a study of the time evolution 
of the fluorescence (after a pulsed excitatitn) and the various 
decay rates. It is also necessary to ^xtend the measurements 
to cover a larger range of incident pc 'ej-s. Such experiments 
are currently hejng planned in the laboratory. 



156 


4*5 Oscillator strength determination from self absorption 

Some of the lines recorded show a double humji nature^ 
characteristic of self ahaorptiun (see figure 4.15). Ihe 
phenomenon can be described briefly as follows. When an active 
medium of finite physical dimensions is excised (by whatever 
means), the light emmitted in the interior of the medium can 

get absorbed on its way out. The emmission and absorption 

{ 

being due to atoms or ions of the same kind, the absorption 
co-eff icient has substantially the same frequency dependance 
as the emmission line shape. (There can of course be small 
shifts in the peak position as well as changes in width due to 
different physical conditions existing in different parts of 
the medium^ This results in more energy being absorbed at 
the centre than in the wings. The total intensity and the 
line shape of the emergent radiation are therefore different 
from the actual. This is called self absorption. 

The abservations of this phenomenal are legion in the 
spectra of gas discharges, the most famous being that of the 

2538i! line of the mercury arc. There are some instances of 

* 

observation of this effect in the rare earth spectrosoopy 
also (reference 19 for example). 

The first complete theoretical treatment of the pheno- 

on 

menon is due to Cowan and Diekc'^ who had dealt with the 
various possible excitation conditions and the line shapes 
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expected therein. They showed that in the case -f a imifarinly 
excited medium, self absorption leads only to a flattening of 
the peak of the line and in most cases m'-iy not be distingui- 
shable from the unabsorbed lines. More jjr enounced and easily 
recognizable effects are pr„duced when tno absorbing and 
emmitting atoms (or ions) are spatially seperoted (in general 
if the degree of excitation is lict uniform throughout the 
medium). In this case the absorption can be so strong that 
the 'peak' of the line becomes darker than the wings. This 
is called 'self reversal'. Such conditions obtain in metal 
arcs and are extensively dealt with by them. A 'hypothetical' 
idealization of a metal arc, namely one where all the emmi- 
tters are confined within a narrow cylindrical region around 
an axis, and all the absorbers are outside, was also considered 
by them. This ideal condition is achieved in the present 
experiment, all the emmitting ions being within the volume of 
the narrovTla^r beam and the rest of the crystal containing 
the absorbers. The derivation for the line shape under these 
conditions is outlined here. 

In figure 4.15 the laser beam is entering the crystal 
at a distance 'x' behind its front face, x being measured 
along the optic axis of the spectrograph. The symmetry of 
the excitation around the vertical axis permits a one dimen- 
sional treatment and x is the only positional variable needed. 
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The position of th.e laser 1)63111 can "be taken as x= 0 . Then, let 

IqO') = A9(/) 

descrihe a fluorescence line emmitted at x=0 with an amplitude 
A. 9(^1) IS a line shape function with the peak at say X q* 
After traversing a distance x in a medium containing a uniform 
density of ahsorhers, the intensity drops to 

IxO) = A 9 (>) exp(-a^ x) 

The absorption co-efficient has the same shape as the 

emmission line shape and thus = a9C' ) . a is called the 

peak absorptivity and depends on the number of absorbers pre- 
sent per c.c. and the transition probability. 

Thus I„(>) =A9(>) exp[-a9(A)x] 1 

Xm 

The shape of this function is rather complicated but 
the positions of its extrema only are of interest for the 
present. These are at ^ ^ 

that IS, the centre of the line and at 

[l-ax 9 (;v)]= 0 3 

Since 9(>)§^1, equation 3 is satisfied only for ocx;^ 1 . 
Also 9(>) being symmetric around >q, there are two values of 
^ symmetrically disposed about X q which this equation is 
satisfied. A calculation of the second derivative shows that 
for 0x71, the centre cf the line is a minimum, and the two 
extrema given by equation 3 are maxima. 
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The line therefore shows a double hump character. The 
positions and intensities of the hamj^s depenc' on the exact 
nature of cp(> ) but the intensity at the line centre is given 

ty 

l35.(Ao) = exp(-ax) 4 

and IS valid for any line shape, a is relate'"'' to the oscillator 

21 

strength ’f’ of the transition by the relation , 

N.f = 8.21 X 10^® ,',o:(E)iE 

where n is the refractive index at the v/avelength of interest, 

IS the number of absorbing ions per c.c , a is measured in 

cm~^, and E in electron volts, lor a Lorentzian shape function 

cp(>) = l/[l+a^(A , the value of the integral is au/a. 

0 22 

The refractive index of laE^ at 8600A is earlier reported 

to be 1.58. Using this and converting the energy to cm units, 

one obtains 

U.f - 1.249 X lO^^aw 5 

li 

where w is the full width at half maximum in cm”^ (of the 
unabsorbed line shape) equal to 2/a. A nuasuremont of the 
line centre intensity as a function ,f x (varied by moving 
the laser beam along the length of the crystal) thus yields 
the value of a and therefore the oscillator strength. However 
before using equation 5 the following point has to be considered. 
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The peak position as well as the width of the transition 

are functions of temperature and any local heating caused hy 

the laser beam can displace as well as broaden the emmission 

line in relation to the absorption line. The shifts rf the 

and ^2~^l renorted^^ as r-^th^r sroil. of the 

order of 0.1 cm~^ per one degree rise in this temperature 

range. The 'dips' of the recorded self absorbed lines are 

indeed found to be occuring at the same place as the 'peaks' 

0 

of the unabsorbed (small x) lines to within 0.5L. No measure- 
ments are reported on the variation rf the width of these lines 

23 

with temperature. But if the variation f-^und for the R-Z lines 
is anything to go by, it is a steeply varying function. If the 
two widths are not same (absorption and emmission), it is the 
width w of the absorpticn line shape that must be used in 
equation 5, which is not an observable in the emmission 
experiment. 


A simple test is deviseJ to check this. This consists 
of observing the variation of the hump soperation of the self 
absorbed line shape with ax (or equivalently x) for each line. 
Substituting the IiOrentssian shape function for (p(A) in 
equation 3, the humps are seen to be at 


1 - 


oa^ 

l+a^(.\-AQ)^ 



"f^-l 


:= 0 


or at 


a 


6 
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The hump separation S = = vff ax-1 7 

8l 

This equation is also derived’ by Gov/an andi Dieke though the 

2 

notation used is different. The plf't cf S vs x for a given 

line would be a straight line*" with an interce^>i: on the yaicis 
2 

equal to *- w . 


These equations are no lon -'er vali''"' if the absorption 
line has a width 2/b different from that of the emmission 
line 2/a. This situation is not treated in reference 20*^. 
Here instead of equation 1 one has. 


l^(X) 


A 


exp[ 


-ax 


l+a^(N->Q)^ l+b2(X->^)^ 


] 


8 


The humps of this f-unction are located at )\ given by 


(x->o) = 


2 -a^b^(2-ax) /a^b^a^x^ - 4ccx(a^b^-a^b^) 


2a^b^ 


2 

A plot of S vs X will be very complicate! indeed and will be 

a straight line only if the term linear in x under the radical 

2 

IS very small compared to the x term which is the same as 

saying that a is not very much different from b. The test for 

the equivalence of a and b thus consists in the linearity or 

2 

otherwise of the S vs x plot. 




2 

For a Gaussian line shape, the relation is S 
The plot will not be a straight line. 


w^lnax 
in2 ' * 


P It may be mentioned here that the entire treatment given 
in this seotipn has been independantly developed by the 
author before^^ came across reference 20. 
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Experimental details: As is apparent from the preceding 
discussion, the experiment consists of recording the spectrim 
with the laser heam entering the crystal at different distances 
X behind the front face of the crystal (the face towards the 
monochromator) . 

The crystal is mounted inside the low temperature 
dewar in such a way as to have the longest side (4.5 mm) aloig 
the optic axis of the spectrometer to have the largest path x 
possible. It IS fortunate that this side is not the c axis^ 
for, in that case only the a part of transition would be 
observed. To change x, the dewar, containing the crystal is 
moved along the optical bench. It is more convenient to do 
this than to shift the position of the laser beam as the latter 
involves moving the various components used for steering and 
focussing the beam. The distance is measured using an OSAW 
(India) horizontal/vertical cathetometer. Its least count is 
0.01 mm, but the inaccuracy in the measured values of x is 
somewhat larger than this because of the finite width of the 
luminiscence 'streak*. 

Three lines identified as the R2 (8593.8^ » (8624.8^ 

and R^-Z2(8656.0^ are seen to be effected, the former two 
showing self reversal as well. Figure 4.15 shows the lines 
in the cr polarization. The intensities of these line centres 
are measured with respect to that of the R^-Z^ (8696,0^ line 
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recorded in the same run. The line did not sh'-w any self 
absorption and is thus a good ’internal standard' of intensity. 
This IS considered su^jerior t> asiiig the values of signal 
current as such, for the follo/'ing roasen. The hottom window 
of the dewar (through which the laser beam enters) as well as 
the bottom face of the crystal can have small dast particles 
or irregularities on them, ana these wmll lead to a variation 
in the laser power that actually enters the crystal, as the 
dewar is moved. This and the other causes like fluctuations 
in the laser power, line voltage etc. also effect the signal 
current measured and make it imreliable. 

Figures 4.17 and 18 show the log ^ plots for 

these three lines in the a and u polarizations respectively. 

The values of a measured from these plots are given in Table 

4.11 alongwith their respective widths. Figure 4.19 a 
2 

plot of S vs X for the two lines that show self reversal. 

The variation is linear and the intercepts 64A^ and 44l^ 

2 

conform well with the corresponding values of w measured from 
the unabsorbed emmission lines. It can therefore be safely 
concluded that the emmission and absorption lino shapes have 
the same width and the effect of local heating if any is not 
Significant, The lines show significant as symmetry, the reason 
for which IS not understood. However, both sides of the lines 
independantly have Iiorentzian shapes and the full widths of 
the lines are taken ’as meastired' without any corrections. 
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2 ' 1 - 

Prom the reported values of the dimensions of the 
unit cellj a = 7*186A anl c = 7-3521, (volume 328,81^) and 
the doping percentage (2^y0ptovac c^ata), the number density 
of Neodymium ions N^ is calculated to Ic equal to 3.65 x 10 per 
c.c. Substituting this value cf anJ bhe values '^f ow 

from Table 4.11 in equation 5 gives the f number rf the 
transitions. 

The 'total* f number of all these (R-Z) transitions 

IS 1.72 + 0.08 X 10“ . This value is different from the value 
-6 25 

of 1.09 X 10 measured by Zrupke from optical absorption 
measurements at room temperature. The reason for the descre- 
pancy is the considerably different population distribution 
among the Stark components of the state at the two 

temperatures. The population in the conponv^nt which accounts 
for 90 ^ of the absorption at LNT, is only 33'/(. at R.T compared 
to 61.6^ at IiNT ((^■•90° K). The population of Zg level (45 cm“^) 

IS about 30^ in both cases. Using the approi^riate weighting 
factors to reflect these changes, an f number at R.T. of 
0.99 ± 0.05 X 10“ IS obtained from the present oc values . 

The current results are therefore in agreement with earlier 
values . 

The (D-Z) group at 5110 %. also is severely self absorbed. 
Comparison of figures 4.8 and 4.9 shows that these lines are 
almost completely absorbed even for x = 0.024 cm. Varying 

Here it is assumed that the intensity of the 8625A line 
IS completely due to the hq-Zn transition. However^ part 
of this (considered to be quite small) is contributed by 
the H 2 *^Z 2 transition. 
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X in steps smaller than this is not possible in the present 
sot up. Also the signal to noise ratio is considerably 
smaller here than for the (R-Z) group. No measurements are 
therefore made on these lines. This hr vever demonstrates 
the nice point that though a (i,e essentially the radiative 
transition probability) is larger, the emmission intensity 
could still be smaller evidently due to greater depopulation 
of D level by phonon processes than the R level. 

If the fluorescence were excited by conventional means, 

that IS by using a high pressiire mercury lamp or a tungsten 

lamp, essentially the whole bulk of the crystal is illuminated 

but the degree of excitation varies from point to point and 

cannot be calculated. Under this conditions, there is no 

way to relate the 'dip' height (if at all observed) with 

absorptivity. This may well be the reason why effects of 

self absorption were sought to bo avoided rather than made 

19 

use of by earlier workers . 

This method of measuring ''f' numbers from laser excited 
fluorescence is probably practicable for a values in the 
range of 1 to 100 cm”^, the limits being set by normally 
realizable crystal sizes. In this range, this method offers 
the advantage of not having to use a calibrated double beam 
spectrometer that is necessary for absorption measurements. 
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4.6 Jhe fluoreacence s-pectruji at high temperatures 

The relative importance of phonon induced depopulation 
increases rapidly with temperature (chapter 1) resulting in 
smaller fluorescence intensities and larger linewidths. The 
utility of tho fluorescence spectrum at R.T or higher tempera- 
tures IS thus generally limited for the elucidation of energy 
level structure and related properties. There are however 
two interesting features observed in the spectrum of Nd^’^:IaT'^ 
that merit a discussion here. 

The first of these is an increase in the total integrated 
intensity of the fluorescence in going from INT to RT though 
the increased phonon rates are amply evident in the much larger 
linewidths at RT. The broadening is actually so large that all 
the lines in a single group coalesce together into a broad band. 
This increase in intensity has probably a simple explanation. 

At room temperature as many as 32^ of the Nd ions are in the 

and Z^ levels (139 and 291 cm**^) and these ions can resonantly 
absorb the 19,431 cm"’^ (5145A) photons to reach the ^5 

levels at 19568 and 19739 cm""^ (Table 4.2) respectively. ITo 
such resonant absorption is possible from the Z^ and (0 and 
45 cm” ) levels which together contain about 90^ of the ions 
at IilTT. This would surely lead to greater populations in the 
fluorescing levels at RT than at INT and explains the increased 
fluorescence intensity. 



171 


inothor prominent feature is the occurrence of S-Z 

o o 

(7750-8250A) and A“Z (7300-7600A) fluorescence at room tempa- 
rature. These two broad bands completely disappear even a 
few minutes after pouring liquid nitri.gen into the dewai' . 
Heating the crystal tc about 85° C increases their intensity 
by factors of 1.5 and 2.5 respectively while at the same time, 
the intensity of othcir fluorescence eg. from E and R levels 
decreases by a factor of 1.5« 

Eor this experiment , the crystal is held on a copper 
block (fixed with Quickfix) and heated by a oet of air from 
a hot air blower. The temperature is measured by a mercury 
thermometer placed near the crystal. The temperature attained 
equilibrium in a few minutes and remained constant for the 
duration of the experiment, of about one hour. 

The intensity of fluorescence from a level can increase 
either due to an increased rate of population of that level or 
by a decrease in the rate of depopulation by non-radiative 
processes. In tho present case, greater input into the S and 
A levels by multiphonon decay from higher levels is expected 
but the energy gap below these levels is about 1000 cm"^ and is 
of the same order as between various other levels. Thus the 
population of these levels also would be depleted fast by non- 
radiative decay. A net increase in the population is thus 
not immediately obvious. This must be brought about by a 

A 

process which leads to a higher rate of population into 
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these levels without a corresponding increase in the depletion 
rat<^. It must also he more effective at high temperatures 
A thermally assisted ion pair relaxation process suggests 
itself as being most likely. Table 4.12 lists various such 
transition pairs capable of populating the S level. These 
involve the decay of a neodymium ion from C to 3 level ly 
exchanging the difference of energy with another Nd ion in 
the Stark level (500 cm~^) of the ground state, raising 
it to either or The population of tho Z^ level is 

neglizible at MT but increases with temp(.rature giving greater 
efficiency to the process at higher temperatures. That the 
ion pair processes are more efficient than multiphonon depo- 
pulation processes is well known. The variation of the life- 

5 + 

time of the R level with temperature in Rd is infact 

2«i ' 

attributed to such a process The process responsible for 
population build up in the A manifold is probably one which 
involves decay of Nd*^ from I) to A, and simultaneous excitation 
of Pr^'*’ (which is present in the crystal) from the upper Stark 
components (136-500 cm” ) of the ground state into the 
Hg level. Several such transition 'pairs could be located 
from the energy level structures of the two ions. These are 

indicated in Table 4.13. Extensive ion pair energy exchange 

3+ 3+ 26 

between Hd"^ and Pr was infact observed earlier 

% 
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Table 4*12 


Possible ion pair transitions Lo populate 
5+ 

the S level of at high temperatures 


Transition 

(Downward) 

Energy cm "* 

Transition 

(tTprard) 

5- 

Fd^ 

Energy om"'^ 

Gg-Sg 

3420 

Zj-Xl 

3419 

O3-S5 

3424 



C5-S4 

3428 



O3-S5 

3410 



Oj - S2 

3490 

Z5-X2 

5479 

05.S3 

3482 




-1 

3)ifferenoes in energy of the order of 10 cm are not 
important beoause of the large widths of the transitions 
at high temperatures. 
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Table 4*13 


Possible iaa pair transitions to populate the 
5 + 

the A level of M at hi^ ten^jeratures 


Dovvnward 

transition 

Nd^ 

Energy 

-1 

cm 

Upward trayisitxaa 


Energy 

-1 

cm 



5 tt ^ 

^6 


Dy - 

4086 

137 

4219 

A 082 



137 

4223 

4O86 



207 

4300 

409 X) 



296 

4385 

4089 



5O8 

4591 

4083 

Dg - 

4055 

203 

4266 

4063 



330 

4385 

4055 


4005 

* 

296 

4300 

4004 


3997 

5O8 

45O8 

4000 

B, -Ai 

5789 

5O8 

4300 

3792 

Dy - Ag 

4010 

203 

4219 

4016 



5O8 

4527 

4019 

h - ^ 

3713 

5O8 

4219 

3714 



5O8 

4225 

3715 

Py - A^ 

3930 

296 

4219 

3923 



296 

4223 

3927 



5O8 

4440 

3932 

Dg - Aj 

3899 

530 

4225 

5893 


3893 




Energy differences of the order of 10 

-1 

cm are 

not of importance 

because of the large vidths of the transitions 

at high ten^jeratures « 

* Pr^ energy levels are from reference 16 , 
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This explanation has the siatus of being only plausible 

at this stage. Looking simply for chengos in the intensity 

of the X-Z fluorescence of as the lemperature is varied 

may not lead to conclusive results since there can be various 

factors effecting this quant it;y. (An cailier attempt by 

27 

Asawa and Robinson to observe the X— Z and X-Y fluorescence 

was not successful). Looking for the fluorescence 

3+ 

from Pr also may not be fruitful since transitions between 
several other levels of Nd^”^ (X-Z, W-Y , C-R) are also capable 
of populating the Pr"^ ” ^4 "by energy exchange. Confir- 

matory evidence can only be obtained by a detailed investi- 
gation of the build up and decay times of the various fluore- 
scence transitions in the temperature range of interest. 

4»7 Polarization of the observed lines 

In view of what is said in Bectiongi i and reference 9 
there is no simple explanation for this feature of the 

pQ 

spectrum. Such polarization has been also observed in the 
spectrtim of Neodymium m Lanthanum pent a phosphate recently. 

In this crystal, the site symmetry of Nd^"^ is 0^. 

One possible explanation is that the lines, atleast 
some of them, are vibronic in nature. The symmetry does not 
actually predict polarization in that case also, but it is 
not unreasonable to expect that the vibronic line would be 
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stronger in the polarization m which the electric vector 
IS parallel to the direction of oscillation of say the R.E* 
ion. The two Stark components and actually occur at 
almost the same positions as two of the observed phonon 
frequencies, ind it is likely that all transitions identi- 
fied as involving Zg and Z^ actually involve phonons of thpse 
energies. If the above hypothesis were true, then all lines 
involving say 45 cm“^ as lower level must be similarly 
polarized. Data presented in Tables 4.6 through 4.10 does 
not support this. No such uniform polarization is observed 
in transitions involving either a particular lower Iwel or 
even a particular upper level. Also, the * Zeman> study^^ on 
NdE^ makes me inclined to believe that the observed levels 
are in fact electronic levels only. 

In the end, it may be Qust that, while the symmetry 
allows a transition in both the polarizations, the relative 
intensities depend on the detailed nature of the wavefunctions 
and the line can still be partially polarized or even be 
completely polarized. 
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CHAPTER 5 

THE EPR SPECTRA OP LaP^ AHE 

PlMoO^ AT LIQUID HELIUM TEMPERATURE 


ABSTRACT 

5+ 

The EPR spectra at liquid helium temperatures of Nd : 
"5+ 

LaP^ and Nd :PhMoO^ are reinvestigated to check whether extra 
lines found in the respective absorption spectra could be due 
to the existence of different kinds of Nd centres. No 
evidence for this was found in LaP^. In PbMoO^ however the 

■5+ 

EPR spectrum contained a set of lines attributable to Nd 
possibly associated with a next neighbour defect in the [llO] 
■plane. The intensity of these lines is less than 1%- of the 
main lines which are due to Nd experiencing a crystal field 
of symmetry oriented along the c axis of the crystal. 
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5«1 Introduction 

Electron paramagnetic resonance is a very powerful 
tool for studying the local symmetries of paramagnetic ions 
either in solutions or solid lattices. Tke specific feature 
of relevance to the present study is its ability to detect 
small changes in site symmetry. If a small fraction of the 
paramagnetic ions present in a crystal experience a slightly 
different crystal field than the rest of the ions, they 
would give rise only to weak satellite lines in the optical 
spectrum. The information obtainable from these satellites 
IS usually very small. The EPR spectrum of these ions could 
on the other hand differ significantly fron^ the main spectrum 
and a proper investigation of the- anagular^Variation of the 
spectrum would yield reliable information about the difference 
in the site symmetry. 
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The optical spectra of and the Kd^'^iPhMoO^^ 

contain some weak extra lines which might conceivably belong 
to /Jeodymium ions situated at sites that are different from 
the rest. This chapter describes the work dons on the EPR 
spectra of these crystals to locate any such centres. 

5.2 The spin Hamiltonian 

The ground state^ of Nd^"*" is Because of the 

large orbital angular momentum (unquenched) of this state, 
the EPR spectrum is observable only at liquid helium tempe- 
ratures. At higher temperatures, the spin-lattice relaxation 
times are very short and the lines become unobservably weak 
and broad^. 

In any crystal field of less than cubic symmetry, (which 

IS unlikely to be encountered in the present case), the ^^5/2 

54- 

state splits into five Kramers' doublets and for Nd in 

these two crystals, the splitting is of the order of 50 to 

—1 

100 cm . Thus at LHdD, only the ground state Kramers' doublet 

IS populated. The first excited state is also too far off 

—I 

to be effected by the microwave frequency (less than 1 cm ) 
of the EPR experiment. An 'effective spin half Hamiltonian''^ 
would therefore be appropriate for this two level (Kramers' 
doublet) system 

« P H.g.S + I.A.S 
^ liquid helium temperature. 
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where the symbols have their usual meaning. In case of axial 
symmetry the Hamiltonian would be 

Vy^ ^ + |(V-+S-I+) 

Natural I'leodywium has several even isotopes (zero 
nuclear spin) making upto 80V<?of the total and two odd mass 
isotopes with mass numbers 143 and 145. The odd mass isotopes 
have 12.2%aud 8. 3^4 Natural abundances and both have nuclear 
spins of 7 / 2 . In cases where the hyperfine structure is 
large enough to be resolvable, the spectrum would consist of 
a strong central line due to the even mass isotopes and two 
sets of eight hyperfine lines each, due to the odd isotopes. 
The magnetic moment of the lighter isotope (143) being about 
1.5 times larger than that of the heavier isotope (145), the 
hyperfine groups are usually well separated. 

5.3 Experimental details 

The experiments are done"*" on a Varian No. V4502-12^ 
X-band BPR spectrometer equipped with a V-X3525^ superhetero- 
dyne adapter and a T4545A^ liquid helium accessory. The H.C. 
field (Hq) is provided by a Varian No. V3400^9'* rotatable 
magnet . 


+ 


The author is thankful to Dr. T.M. Srinivasan 
for his co-operation and help in these experiments. 
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The following minor modfications are made to the 
liquid helium accessory to suit the current requirements. 

Por large crystals the fixed (iris) cavity coupler supplied 
by Varians is found inadequate and a variable coupler 
similar to the one described by Ramon and Stamires"*^ is 
incorporated. In this the coupling is varied by moving a , 
12BA screv^cross the coupling hole with a worm and gear 
combination. It is possible to achieve critical coupling 
with this arrangement even with a crystal as large as 
10 X 7 X 4 ram of laP^. Another modification is with regard 
to the field modulation coils. These are mounted on the 
outside of liquid helium dewar itself (figure 5.1) and are 
found to be the source of excessive baseline drift'^'with field 
(Hq), when it is directed at angles <p larger than about 20^ 
from the axis (xx in figure 5.1) of the coils. Also, at 
large angles the component of the mod\iLation field parallel 
to the static field (Hq) is greatly reduced and signal inten- 
sity IS lost. Both these problems are solved by removing 
these coils and fixing another pair of circular (Helmholtz) 
coils mounted directly on the magnetic pole pieces. The 
coils are made of 150 ti:tns(each) of 58SWGr enamelled copper 
wire wound on 1/8'* thick perespex discs of 5.5 cm radius 
(equal to the pole gap). 

The mechanical vibration of the modulation 

coils induced by Hq is responsible for this. 




1 ' E P R cavity 

^ ?- Microwave held (Hr f ) lines --TE 102 mode 

SyA-Cryslri’ mcuni'ng posttior>s 

5- Mcignet pole pierc; 

6- ^4ew t'eiCJ modulation cons 

7- Original field modulation cons 

8- Liquid heouni newar 
3>-Li:|U!d nitrogen dewat 

Fig. 5-1 Configuration of magnetic fields in the EPR 
set -up at 4-2 
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The microwave cavity operates in the with 

the microwave field in the form of flat loops in vertical 
planes as shown in figure 5.1. Both the crystals studied 
(liaP^ and PhMoO^) have their principal axes parallel to their 
external sides and thus the problems of orientation are 
minimized hy cementing the crystals with quickfix in a corner 
of the cavity flush to the walls. Due to this, the crystals 
experience a horizontal as well as a vertical component of 
the microwave field as can be seen from figure 5.1. "When Hq 
IS oriented along the narrow side of the cavity (xx in the 
figure), both these components are perpendicular to it. But 
at other angles the horizontal arm gives rise to a component 
parallel to Hq. This situation leads to the observation of 
some interesting forbidden transitions described in section 5.7* 

5.. 4 The EPR spectrum of 

5 

Previous publications on this spectrum reported the 
observation of a six line spectrum attributed to Heodymium 
ions substituting lanthanum ions at sites of symmetry. 

No hyperfine structure was reported, 

A re-investigation made here, of the spectrum and its 
angular variation in a plane containing the c axis as well as 
in a plane perpendicular to it, has only reproduced the results 
of the earlier observations, Pigure 5.2 shows the spectrum 



Fig. 5.2 Nd :LaF., EPR spectrum at 4.2°KjHq in a direction perpendicular to c axis 


188 


obiained with Hq oriented in a direction perpendicular to the 
c axis No extra lines that can be attributed to a different 
kind of Neodymium centre are found 

The lines observed have widths varying between 50 and 
100 gauss with angle These large widths may be due to un- 
resolved hyperfine structure (no EF lines are observed) 
Considering the width of the lines to be representing the 
total spread of a hyperfine spectrum, the hyperfine coupling 
constant is estimated to be about 10 gauss which is rather low 

5 5 EPR spectrum of PbMoO^ 

lead Molybdate is a member of the Scheelite (CaWO^) 

g 

homolog series , The crystal structure is tetragonal and the 
space group is Cgj^ The unit cell is illustrated in figure 
5 3 The oxygen ions (not shown in the figure) surrounding 
the lead ions (largen circles) give them symmetry Numerous 
earlier BPR investigations on Nd-' doped in lead molybdate' 

O « f 

and other Scheelites demonstrated that the Nd replaces 
2 + 

Pb substitutionally and the charge compensation is usually 
far away and does not change the site symmetry There have 

q 

been however one or two cases^ where effects of neaiby defects 

2 

were observed The optical absorption study of Minhas et al 
on Nd^"*” PbMoO^ showed that the spectrum is essentially due to 
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O Pb ion 

O Mo ion 
c= 12.11 A 
a=b=: 5 .43A 

e= 42°, 36' 

o(= 32° 52' 


c 



Fig. 5. 3 Unit cell of PbMoO, . 
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Neodyioitim ions at undistortod sites but there exist a few 
weaJk lines close to the main lines which do not belong to 
those ions. Shey felt that these may be due to a different 
kind of Nd centres. 

5+ 

Single crystals of Nd :PbMoO^ were grown by Minhaa 
and. Sarma using the Ozochralski technique. A spectroscopic 
analysis (carried out at the Spectroscopy division, BARO, 
Bombay) showed that the crystals contain 180 ppm of N.eodjmium 
and a comparable amount of sodium which is added for charge 
compensation. A thin rectangular plate 1x3x6 mm^ was 
cut from one of these crystals for this EPR study. The plane 
of the plate is parallel to the crystalline ac plane (feund 
by Laue photograph) with the c axis parallel to the 3 mm side. 
The crystal is mounted in the EPR cavity in cither position 
3 or ^ (figure 5.1) depending on the plane (aa or ac) in 
which the spectrum is to be studied, 

Pigure 5.4 shows the spectrum obtained with Hq oriented 
25 away from the c axis, in the ac plaro. The spectrum is 
dominated by the seventeen line structure of Nd^'*' at the 
•undistorted sites. In the figure, the spin-less transition 
IS designated as 0, the hyperfine lines of the lighter 
isotope as a^-ao and those of the heavier isotope as bT— bo, 
Pigure 5.5 shows the angular variation of the positions of 
lines 0 and Sq^ag. The set *b’ vary in a similar 
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but are not shown in the figure. The constants of the 
spectrum are 

g,, =^2. 595+0. 02(2. 592+0. 005), g =1.348+0.006(1.351+0,002) 
A^^^=:i24+2x 10”'^ cm“^( 128+1 ),B^'^^=267+4 x 10"'*'cm”^( 269+1) 
A^^^=79+1 X 10“^ cm“^(80+l), B^^^=167+2 x 10“'^cm'‘^( 167+1) 

8 9 

The values in paranthesis are the results of earlier * deter- 
menations. 

The spectrum also shows three more lines (marked 
and in figure 5.4) which do not belong to this set. The 
angular variation in the ao plane of these lines also is s bown 
in figure 5.5. The lines tJ^ and appear to be ccralescing 
into a single line when Hq is parallel either to the c axis 
or the a axis. However, there is considerable overlap in 
these directions with the strong lines of the main spectrum 
and it is not possible to be sure aboux this point. The 
extrema of these lines occur 30*' and 60' away from the c axis. 
This feature sets them apart from the line which has its 
extrema on the c and a axes. The g values (in the ac plane) are 

“ 1-15 ± 0-005, = 2.76 t 0.02 


= 2.662 + 0.02, = 1.522 + 0.005 
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When the magnetic field is varied in tne aa plane, 
the main spectrum remains invariant. The line which does 
not split in the ac plane and has extrema along xhe a and c 
axes must also he angular inaopendent in this plane. Un- 
fortunately in this particular experiment, only in one case 
namely, Hq oriented IS** away from an a axis, is the spectrum 
scanned upto the high field (about 4.5 kU) necessary to 
record this line"^. And in this, the line is in fact found 
at the same field value ^ as on the a axis and so it can he 
concluded that it is invariant in the plane. The two lines 
U^ and U 2 should show angular variation in this plane also 
hut it is not found possible to locate them aioong the strong 
lines of the main spectrum. 

There are several possible locations, a compensating 
charge (Na for example) or any other defect can occupy and 
alter the environment of the paramagnetic ion. The first 
posBihlilii^ to be considered is that the U^ line is due 
to Nd 10 ns associated with a defect along the c axis at a 
distance of one lattice xmit ( l^*ll) , the hyperf me lines 
which woiild be two orders of magnitude weaker, being lost 
in noise. The distance of the defect being rather large, 
its effect will probably be small. Reference 9 gives the 
data on the EPR spectra of Rd"'^ in nine Scheelites with 
varying c/a ratios. Here it was seen that the value of g^^i 

The experiment could not be repeated due to 

the non-availability of liquid helium later on. 
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vanes rather widely between 0.7 and 2 . 1 ? but g, varies only 

between 2.535 and 2.58 along the whole senes. Thus^ varying 

axial perturbations have little effect on g. . Thus U, line 

for which g^^ IS 1.522 does not belong uo Hd^"^. The g values 

however are close to the values g^^ =2.92, g^ = 1.43 found^*^ 

3+ 

for Ce substituting Galcium in Ca¥o^ at si teg. It is 

therefore likely that this line belongs to substituting 

2 + 

Ph at undistorted sites. 

and U 2 as a pair should be duo to centres associated 
with off axis defects. The Pb site along [ill] direction 
(positions 5, 6 , 7 , 8 in the figure 5.3) is a likely choice. 

There are four such centres oriented along the four [ill] 
axes. All of these would give rise to a single line along the 
c axis which splits into two in the ac plane. These two again 
coalesce into one along the a axis, if one of the g principal 
axes lies along the [ill]. In that case the angular variation 
can probably show extrema at about 30 and 60 to the c axis, 
the angle the [ill] makes with the c axis being about 33'“. 

The maximum and minimum g values of these lines are in the 
same range as for Nd^"^ in Scheelites and so and Ug may be 
assigned to Ud^^ associated with a defect along [ill] axis. 

Centres associated with defects in the 1,2,3 or 4 kind 
of (figure 5 . 3 ) sites should give three lines in the ac plane. 
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Centres associated with, defects along the a axis would 
give rise to two lines in the ac plane hut, must have one of 
their g principal axes parallel to jhe a , the aa plane hoing 
a symmetry plane. Ions substituting fer Mq in the molybdate 
group will have more or less isolropic g tensors because of 
their near tetrahedral oxygen co-ordination. None of these 
three models can thus explain the observed angular variation, 
and are discarded. 

In conclusion, it is likely that the line is due to 

■z I and 

a Ce at undistorted lead sites^the two lines and TJg are 
due to Nd^"^ associated with a defect along the [ill] direction. 
Thus the conoe'^cture that the extra lines m the optical spe- 
ctrum are due to a different kind of Nd centre is probably 
true. 

5 . 6 forbidden transitions in the EPR spectrum of 
M^'*';PbMo^ 

The spin Hamiltonian contains terms which are not 
diagonal in I^ and and which mix together the various 
electron nuclear product wavefunctions. Por the simple case 
of a spin half Hamiltonian v/ith Hq parallel to the Z axis, 

n = + I (S^I_ + S_I^) 

the second order energies are given by 
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= gpHgM + Jam + o[BVaspH(,] 

\rhere M and m ane electronic and nuclear magne'cic tjuantum 
numbers respectively, and the last term on the RHS represents 

p 

the second order coetection of the order of (B /2gpHQ). The 
first order "wavef unctions are given by 

/ 

^1/2, = |l/2,ii^ + |-l/2,m+^ 

. f Bln, . 

|-l/2,m> = |l/2,m> | l/2,m-l> 

/ BI 

( -l/2,m+i> =[1/2, j l/2,m), 

and so on. Here |l/2,ii^ is an unperturbed wavefunction and 
^1/2, 11 ^ IS a perturbed wavefunction, and 1^^= 4 ^+l{ 
[l(I+l)-m(m+l)]^. The ordinary hyperfine transitions are 
between states described by |l/2,m^ and ^-l/2,m^ (figure 
5.6) and do not involve a change in the nuclear magnetic 
quantum number. These occur at 

hy s gpH + + 0(BV2gPH) 

But transition between states like fl/2,m>^ and [ -l/2*m+:^ 
can also take place because of the mixtures, but only through 
a M.W, field parallel to Hq, These are illustrated by dashed 
lines in figure 5.,6. These transitions occur at 

hy = gpH + ^ (m+ 1/2) + 0(BV2g^H) 





Rg.5.6 Allowed and forbidden hyperfine 
transiiions of a spin \j 2 system 
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that IS, exactly midway between the allowed transitions (but 
for the second order terms). The intensity of these transi- 
tions IS proportional to the mixture co-eff icients and is 
only a few percent of the allowed linus (0.5 to l/u here) . 

Also all the 21 lines do not have the same intensity. They 
vary as [l(I+l)-m(m+l) ] where m is magnetic quantum number of 
the upper nuclear state. 

In the present experimental set up where for angles 
of @ 0, (figure 5.1) the microwave field has a component 

parallel to Hq, such transitions arc indeed observed. Figure 
5.7 illustrates the spectra recorded with Hq parallel to the 
c axis but one with in the XX orientation and tho other 
YY oriontation. The forbidden lines X^-X^ and occuring 

midway between the respective allowed lines can be clearly 
seen. Their relative intensities also vary as expected. 

Such forbidden lines were earlier observed in Cobalt, manganese 
and Vanadyl salts . 



^ ^ OffcntQtion , X H 
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